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Introduction

Modern science pays ever more attention to issues related to the production of electrical
and thermal energy, in particular by converting nuclear energy. To increase
competitiveness, it is necessary that the new technological platform for nuclear energy
meets a number of key requirements, among which safety and economy can be singled
out. The fulfilment of these requirements depends primarily on the structural materials of
working and designed nuclear reactors. So, for example, to increase the efficiency it is
necessary to use higher operating temperatures than those characteristic for light water
reactors, and, therefore, the use of many existing materials in the core of the reactor
becomes impossible [1].

Irradiation and elevated temperatures during the operation of the reactor contribute to
fundamental changes in the microstructure, mechanical properties, and geometry of the
material due to swelling, climbing, embrittlement, and so on. It is the radiation-induced
phenomena that determine the economic feasibility and safe life of the reactor [2]. On the
other hand, a purposeful modification of the properties of solids under the radiation
exposure is a powerful tool for creating new materials with predetermined properties.

To date, the problem of creating structural radiation-resistant materials is of fundamental
importance, which is due to the wide use of nuclear reactors and the rapid development of
the rocket and space industry. When developing a new material, it is necessary to
determine not only the optimal combinations of the main components and concentrations
of various additives but also the thermomechanical processing conditions in which the
material retains its physical and mechanical properties within specified limits for a certain
time. This task cannot be solved without understanding the processes that lead to the
degradation of the studied properties.

When a solid body is irradiated by a beam of accelerated ions, some of them are reflected
from the surface, while the rest penetrates deep into the body of the material, slowing
down in it. In this case, the kinetic energy of the ions is wasted by elastic collisions with
the nuclei of the atoms of the material and when the electronic subsystem is excited. As a
result of the elastic collisions, the atoms of the body can be knocked out of equilibrium
positions, and colliding elastically with other atoms create a stream of knocked out
atoms, forming a cascade of atomic collisions. Atoms in the cascade consume energy to
form point defects. In addition, the resulting strong non-equilibrium temperature
fluctuations lead to the creation of so-called post-cascade shock waves [3]. Their
occurrence is due to the difference between the time of thermalization of atomic
oscillations in some finite region and the time of heat removal from it. As a result of a
rapid expansion of the strongly heated region, an almost spherical shock wave is formed.
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The appearance of nanoscale energy-explosive discharge regions that generate the shock
waves is a common phenomenon for all types of corpuscular irradiation. Nevertheless,
this fact is practically not taken into account when studying the behaviour of condensed
matter under the conditions of radiation exposure. Therefore, the discovery of new
phenomena and processes initiated by the post-cascade shock waves and their orientation
toward the formation of unique modified atomic structures is a promising and actual
direction of radiation materials science. The effects associated with the propagation and
generation of post-cascade shock waves have been termed radiation-dynamic [3]. At the
same time, high-speed cooperative atomic displacements take place, the process which is
flowing at supersonic speed.

The aim of this study is to reveal the mechanisms of structural transformations of
nanopores in fcc metals under the cooperative action of groups of atoms, the mixing of
which can be considered as the propagation over a crystal wave.

Due to the fact that the objects of research are of a small size, and the processes under
consideration are proceeding at a high speed, the use of the computer simulation method
seems to be the most rational method of research in this monograph.

Nowadays computer modelling is the method of research equally recognized as the
experimental and theoretical methods. Using a computer model, one can test theoretical
developments, explain and forecast phenomena not yet fully described by other methods.

In the present work, the computer simulation was carried out using a molecular dynamics
method, an undoubted advantage of which is the possibility of modelling atomic systems
at a given temperature or at given atomic velocities.

In this monograph, for the first time, the direct effect of the shock waves, which at the
microlevel represent high-speed cooperative atomic displacements, on single vacancies
and their various clusters in crystals with an fcc lattice, is considered with the help of the
molecular dynamics method. It is shown that under the influence of shock waves a
homogeneous nucleation of nanopores is possible, the accumulation of which at the tilt
grain boundary can cause its bending. It has been suggested that the impact of shock
waves can initiate the migration of grain boundaries. The contribution of the created
waves to the process of radiation-stimulated diffusion is considered. This can be both the
creation of point defects directly in the wave-front, and the change in the elastic fields of
defect formations that activate diffusion. The possibility of crushing, dissolving and
moving of nanopores under the influence of the created waves is demonstrated. The
bifurcation of latent tracks into individual capillaries is shown for the first time.

The study of structural transformations in metals and alloys under the irradiation with
charged particle flows, capable of initiating various processes of atomic rearrangements,
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is of great interest since the mechanism of energy transfer (elastic or inelastic interaction,
ionization) can be purposefully changed by choosing the type and energy of the
irradiating particles, that opens wide prospects of the use of radiation influence as the tool
of technological processing. The presented results will find application in radiation
materials science when developing new materials with specified properties. For example,
materials for the future innovative nuclear systems (reactors) of the IV generation, as well
as for improving the properties of already known materials exposed to various extreme
effects during operation. The solution of the given problems will allow us to introduce
new, more efficient methods of metal processing. The considered processes of pore
formation and structural transformations of nanopores may be used in the development of
new methods for controlling swelling. The phenomenon of fission of cylindrical
nanopores can be used to create new filters, detectors and cooling elements in nano-
electronics. The conducted experiments can serve as a basis for the development of a
number of mathematical models. In addition, it is possible to use the results of computer
modelling as a demonstrator material that reflects the processes taking place in crystalline
structures and is useful for students mastering the course of solid state physics.
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1. Cooperative effects arising in solids under the radiation exposure

1.1 Radiation-dynamic effects

The development of a cascade of atomic collisions, until the moment at which the
Maxwellian distribution of colliding particles is established in terms of velocities, occurs
over a time of the order of 10?s. The typical value of the radius of a dense cascade,
generated by an ion or a recoil atom with an energy E > 10 KeV, is ~ 5 nm, and the time
necessary for removing the heat from a cascade region of this size is at least 10™*'s for
metals [4]. Thus, the thermalization of dense cascades leads to the formation of nanosized
regions in which thermal energy is localized [5]. Calculations show that the temperature
in this region, which has an ellipsoidal shape with a fairly sharp boundary, can reach the
melting point of the material, and the upper limit of the pressure is several units and even
tens of GPa [7]. On the boundary separating the cascade region and the unperturbed
medium, there is a sharp jump in thermodynamic parameters: a shock wave propagating
in a material with supersonic velocity [8] (for the formation of such waves there exists
the term post-cascade shock wave [3]). Because of the mechanisms of focusing of atomic
collisions, initially, the spherical wave is transformed into fragments of the plane waves
propagating along close-packed crystallographic directions [9-10].

Theoretical studies of dense cascades, which are characterized by a short particle path
length, are carried out in the approximation of a continuous medium since it is senseless
to assign to each individual particle its characteristics when the particles collide
frequently [8]. The change in the thermodynamic parameters at the late stage of cascade
evolution is described by a standard system of hydrodynamic equations, which has a
solution in the form of a spherical shock wave [11-12]. The existing estimates show that
the pressure at the wave front reaches tens of GPa, while the front width is ~ 1 nm. This
high pressure causes a number of interesting effects: the flow of a defect-free material by
mixing the atoms of the medium, anomalous mass transfer, diffusionless processes, phase
transformations, a sharp increase in the number of displacements per atom in the body of
the material, even in the absence of the temperature necessary for the onset of diffusion
[11-13].

The propagation of a post-cascade shock wave in a metastable medium when the local
energy is minimum allows it to overcome the energy barrier separating the medium from
the state of the global minimum. As a result of overcoming the barrier, additional energy
is released. If this energy is released at a rate exceeding the rate of dissipation of the wave
energy, which is propagating in a metastable medium, then such a wave becomes self-
propagating [3]. As calculations show, the wave becomes undamped if the energy of the
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particle released during damping in a dense cascade exceeds the energy necessary to
overcome the energy barrier separating the stable and metastable state.

The term radiation-dynamic effects is introduced to denote various shock-wave processes
caused by material irradiation, processes of structural rearrangements such as chain
reactions initiated by elastic waves, and also phase transformations described by
hydrodynamic equations [3]. Thus, these phenomena are separated from radiation-
stimulated processes caused by the formation of radiation defects in the irradiated
material. The role of radiation-dynamic effects in many cases is crucial when the
structure and properties of a solid body subjected to irradiation change.

Experimental studies of radiation-dynamic effects can be found in [3, 7, 14-15]. These
works describe the fast-proceeding structural-phase transformations in industrial
aluminium alloys after irradiation with accelerated ion beams and are considered as
metastable media with increased stored energy. It has been established that due to
radiation-dynamic effects, it is possible to improve the intermetallic composition, as well
as increase the level of mechanical properties of aluminium rolled products by the use of
radiation annealing, which may be an alternative to furnace annealing. In this case, it was
possible to reduce the annealing time by one to two orders, and the energy intensity of the
process by two to three times. The observed gradual removal of the crystallographic
texture of rolling with an increase in the irradiation dose is associated with the explosive
rearrangement of the dislocation structure initiated by the generation and propagation of
undamped shock cascade waves. It is shown that the structural changes occurring under
the influence of irradiation are of a nonthermal nature.

Thus, the processes of formation of shock waves as a result of the evolution of dense
cascades of atomic collisions lead to the emergence of a whole series of most interesting
phenomena, observed, in particular, at depths considerably exceeding the estimated
ranges of the incident ions. A radiation-dynamic effect is the main reason for the
initiation of structural-phase transformations in the metastable media.

1.2 Processes of pore formation in solids under irradiation

The most urgent task of radiation materials science is the development of
recommendations to combat the swelling of the material since this process is one of the
main reasons for the failure of structures operated under irradiation conditions. The
radiation swelling takes place because of the development of radiation porosity due to the
decomposition of the supersaturated solution of vacancies in the metal, that is, the
vacancies formed during irradiation of the material are combined into volumetric clusters
representing vacancy pores. Obviously, such amalgamation of defects leads to an
increase in the volume of the solid.
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The swelling effect caused by the pores with dimensions of about 10 nm was first
discovered experimentally in 1967 [16], in the study of austenitic stainless steels. It
turned out that swelling of steel can exceed 6% of the initial volume.

It is believed that stationary growth of pores is possible due to the fact that dislocations
and dislocation loops, which are an integral structural component of irradiated materials,
interact more strongly with interstitial atoms, rather than with vacancies, because of their
greater mobility in the crystal lattice [17]. Despite the fact that this difference is only 1 -
2% [8], a stream of displaced atoms flows to the dislocated material in the irradiated
material. Because of the excess, the vacancies form various clusters, in particular, the
pores. Subsequently, the vacancy pores, which are natural sinks of defects, account for a
larger flow of vacancies than interstitial atoms, which is the reason for their growth. In
the absence of factors inhibiting the nucleation and growth of pores, the material swells.

Radiation pores are divided into two types: heterogeneous, which are formed on various
crystal defects, and homogeneous, arising from spontaneous vacancy clusters. For the
growth of the pore, it is necessary to have a sufficiently high vacancy supersaturation, the
mobility of vacancies, and stability of the vacancy cluster. The pores are formed
practically in all metallic materials during irradiation in the temperature range of (0.3-0.5)
T

Calculations based on the theory of elastic continuous media have shown that the
tetrahedron of packing defects is the most stable configuration of small vacancy clusters
(less than 1000 vacancies) for Au, Ag, Cu, and stainless steel, while for Al, partial or
complete dislocation loops of the subtraction type for clusters of smaller or larger size,
respectively [18]. In Ni, for clusters consisting of fewer than 200 vacancies, the most
energetically favourable configuration is the tetrahedral of packing defects. An increase
in the number of vacancies from 300 to 5000 increases the tendency to form partial loops.
For the metals named, the dislocation loops are the most stable configuration of large
vacancy clusters.

A comparison of the surface energies of a spherical and flat vacancion complex, which is
a split loop of dislocations, has shown that for a small number of vacancies the spherical
cavity has a lower energy than a dislocation loop, but starting at some critical number of
vacancies, the cavity becomes energetically less stable and may collapse with formation
of a dislocation loop [19]. The spherical cavity can be stabilized by helium atoms, which
are products of nuclear reactions, or local tensile stresses. The compressive stresses, on
the contrary, reduce the stability of the spherical cavity.

In general, it should be noted that the calculated data on the morphology of the most
stable vacancy clusters, as a rule, diverge from the experimental results, since the
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observed morphology of clusters in a particular material depends significantly on the
presence of impurities that are not taken into account in the calculation.

The final stage of the diffusion evolution of the ensemble of vacancy pores is maturation
or coalescence, the driving force of which is the tendency to decrease the free surface of
the pores [20-21]. The physical mechanism underlying this process is the thermally
activated evaporation of vacancies by pores, as this takes place the small pores evaporate
more intensively than the larger ones, and eventually dissolve. Coalescence of pores is
most noticeable in cases where the pores are at a sufficient distance from the grain
boundaries of the crystals. With prolonged exposures, only large pores located in the
centre are observed in crystals, and a nonporous crust is formed along the boundaries
[22].

The mechanism of heat-induced coalescence considered above describes well the late
stage of the diffusion decay of solid solutions at high temperatures, but it cannot explain
the decrease in pore density at lower temperatures. In this case, a radiation-induced
mechanism is proposed [23], according to which coalescence is a consequence of the
preference for absorption by the pores of intrinsic interstitial atoms, rather than individual
vacancies, due to a stronger elastic interaction. Small pores absorb interstitial atoms more
intensively and as a result dissolve, while large pores absorb excess vacancies and grow.

The main regularities of the swelling effect were established experimentally. For
example, it turned out that the swelling depends to a considerable extent on the
temperature at which the sample is irradiated [17]. The curve of the swelling as a
percentage of the temperature of the sample is bell-shaped, the maximum being observed
at a temperature equal to (0.4-0.45) T,. However, as the study shows, the curve for some
metals and alloys may have two local maxima at high irradiation doses. Moreover, the
swelling of the material at the second maximum can be much greater than at the first.

The degree of swelling of the material depends on its structure and chemical composition.
In addition, the swelling level is directly dependent on the presence of mechanical
stresses in the sample at the time of irradiation. This factor is important since the
structural units of power plants are always under the influence of any mechanical
stresses. The change in the value of the stresses from zero to the yield point is
accompanied by an almost linear increase in the radiation swelling. Consequently, metal
samples under mechanical stress swell faster than samples that are in an unstressed state
[24].

A number of well-known papers are devoted to the problem of swelling of the material
[17, 25-27]. A study was made of the influence on the formation of a radiation pore of
such factors as radiation temperature, irradiation intensity, fluence, the presence of
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structural imperfections, the presence of gases and non-gaseous impurities. The
accumulated extensive experimental material allowed us to construct models of this
phenomenon in order to form the basis of the theory. Among the theoretical models, it is
necessary to single out the model of diffusion-deformation instability [28-29], according
to which the excess vacancies are a cause of elastic tensile stresses. The decrease in
Gibbs energy, when these stresses are taken into account, leads to the appearance of the
phenomena of ascending diffusion, and, as a consequence, the formation of pores. This
model is designed to overcome the difficulties encountered in describing the initial stage
of pore formation, as well as explain why the vacancy satiety is realized in the form of
pores, rather than vacancy loops.

Theoretical approaches are applicable mainly for homogeneous materials. The presence
of impurities and the isolation of secondary phases, which, as we know, can lead to a
reduction in the swelling of the material, make calculations much more difficult, and
especially for solid solutions, since the evolution of their defect structure is determined
both by diffusion of intrinsic point defects and impurity atoms [30] . At present, the study
of the radiation swelling of solid solutions is of the greatest interest, since the most
obvious way of creating new radiation-resistant materials is the modification of metals by
impurities.

Due to the fact that the radiation swelling of the material, in addition to bending and
deforming, can lead to welding of individual parts, wedging and overheating of rubbing
parts, this phenomenon can be extremely undesirable. Therefore, methods for suppressing
the swelling of materials have been developed. These include methods for changing the
content of the main components in alloys, alloying of metals, changing the initial
microstructure of the material, etc. [24]. In [31-32], a model was proposed that describes
the effect of low concentrations of the alloying element on the amount of radiation
swelling. A significant containment of radiation swelling is possible even at low doses of
the alloying element. The authors showed that in the case of a subdivision impurity, that
IS, when the atoms of the alloying component are smaller than the atoms of the basic
crystal matrix, the ascending diffusion of vacancies is a suppressed ascending diffusion
of the atoms of the alloying component. In addition, it has been shown that the oversized
impurity also reduces the swelling effect. Another possible way to extend the life of
structural elements of nuclear reactors is to partially restore the mechanical properties of
austenitic steel by removing radiation damage products from irradiated structures [33-
35].

All of the above indicates the need for a systematic study of the processes of pore
formation, kinetics of pores, the specific mechanisms of their development in crystalline
and amorphous materials, and so on.
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From the above review, it follows that the radiation effect on the structure of a solid body
is the cause of a variety of important from a practical point of view effects, among which
the cooperative processes play a major role. Therefore, such phenomena must be
carefully studied to develop main ideas about their nature.

As mentioned above, when studying the evolution of defective structures in a material
subjected to the irradiation, it is necessary to take into account such an important factor as
the possibility of the formation of post-cascade shock waves. The influence of these
waves on the processes of radiation swelling has not yet been considered.

It should be noted that in modern physical materials science, the pores are viewed from
two positions:

1. The pore is an integral component of the structure that determines the origin,
properties, and purpose of the material (highly porous structures);

2. The pore is the three-dimensional imperfection of the structure.

There are papers dealing with the propagation of shock waves in porous media [36-37],
but a study of the formation and behaviour of the pores has shown that the two
approaches in question do not agree with one another [38-39]. Consequently, a systematic
study of the processes of pore formation, pore Kkinetics, the specific mechanisms of their
development in crystalline and amorphous materials, and so on is required. But without
taking into account their influence on the formation of radiation post-cascade waves, one
cannot speak of a fully formed theory.

On the basis of the foregoing, a comprehensive study of the formation of elastic waves,
their propagation, and interaction with imperfections in the crystal structure of materials
IS necessary. Computational support for researchers in the study of the directions in
question is provided by computer modelling. At present, this method of investigation is
used in all the main problems of radiation material science [40-41].

2.  Computer experiment in condensed matter physics

2.1 Methods of computer experiment on the microscale level

At present, a computer experiment is widely used in problems requiring a large number
of numerical calculations or which cannot be solved by simple analytical methods. This
method of research is universally recognized and is rapidly developing, the wide
dissemination of which contributes to the increase in the computing power and the
complexity of the studied processes and phenomena [42].
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Conducting research on real materials is often associated with significant difficulties. For
example, it is not always possible to control the conditions of an experiment, and it can
also be difficult to measure the values of various estimated parameters. All of this leads
to an ambiguous interpretation of the results obtained. In this case, the use of computer
experiments may also be more preferable than real experiments [42].

A computer experiment is a calculation method in which physical processes are modelled
according to a given sequence of physical mechanisms [43]. This method occupies an
intermediate position between theory and real experiment. Based on theoretical models,
the computer experiment is carried out in the form of numerical calculations. The
complexity of the models used can virtually increase unlimitedly with the increasing
productivity of computing facilities, as a result of which the simulation results will more
and more approach the results of a real experiment. Thus, the computer simulation of
physical phenomena and processes allows us to repeatedly duplicate costly real
experiments, and, in addition, greatly expand the possibilities of theoretical research.
Since the computer experiment cannot exist independently of the constructed theoretical
models, as well as real experiments that establish a connection between modelling and
reality, this method can be called a link between theory and experiment [44].

In the study of condensed matter by computer simulation, two approaches are
distinguished by the choice of the scale level: macroscopic and microscopic [8].

Modelling of macroscopic processes is based on the solution of the equations of the
physics of continuous media. The most general form of describing the motion of media is
the integral conservation laws, which are valid for both continuous and discontinuous
solutions. In addition, for continuous solutions, a differential representation of
conservation laws can also be used.

With a microscopic approach to modelling a condensed state, a system of interacting
atoms is considered. This approach in the study of materials is applicable in the case
when the result depends on elementary events, such as the motion of individual atoms or
their aggregate. In this case, the time scales of the simulated processes are much smaller
than for real macroscopic processes, and the characteristic spatial scales are usually less
than the average distance between atoms. In this case, theoretical models of the physics
of continuous media become unacceptable.

In addition, a mesoscopic scale level is intermediate between micro- and macro-levels.
With this approach, the methods of continual macroscopic description can be used, but
taking into account the real structure of the material, including natural internal boundaries
and inhomogeneity.
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The computer experiment has a number of advantages in comparison with the actual
experiment. First, the researcher can fully control the input variables and boundary
conditions. This makes it possible to exclude from consideration the influence of an
individual physical factor on the result obtained, or to consider its influence on the
studied process separately or in combination with other factors. Secondly, it is possible to
comprehensively examine the details of the process under investigation, without
including additional external influences, which is not achieved by other methods [45].

Carrying out research by means of computer experiments assumes the performance of the
following sequence of actions [46]:

1. Definition of the physical model, which is the object of research. In addition to the
system of interacting particles, physical models can be dislocations, grains, cracks, and so
on;

2. Selection of the parameters of the considered physical model, and determination of the
limits in which they can vary;

3. Choice of the mathematical apparatus for formalizing the chosen model;

4. Formalization of the model and selection of criteria allowing to verify the reliability of
the obtained numerical results;

5. Approximation of equations, determination of approximation parameters and
compilation of computational software for computers;

6. Conducting a numerical experiment and obtaining results;
7. Statistical processing of the results;
8. Verify that the results match the physical criteria of the model;

9. Comparison of the obtained numerical values of the model parameters with the results
of real experiments.

When conducting a computer experiment, it is necessary to maintain a certain balance.
The physical model should be designed in such a way that all the key physical features of
the process or phenomenon under investigation are reproduced, but it should be simple
enough, otherwise, it will not be possible to perform the numerical calculations [42].

The choice of the mathematical apparatus of the model depends on the method used in
carrying out the computer experiment. At present, in the modelling of condensed matter,
three methods can be distinguished [46]: the Monte Carlo method, the variational
method, and the molecular dynamics method. This division of modelling methods at the
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micro-level is conditional, since a rigorous computer experiment, as a rule, is a
combination of several of the above methods [42].

The Monte Carlo method refers to a class of stochastic methods that have an advantage
over other methods when the physical system under investigation has a large number of
degrees of freedom, and also are used in the case of modelling processes that have a long
duration in real time. In calculations performed by the Monte Carlo method, the sequence
of elementary acts of interchange of particle locations is generated in accordance with the
matrix of probabilities of conditional transitions determined by the chosen interparticle
interaction potential. The result of these calculations, as a rule, is the average value of
some variable or the distribution of its possible values. The Monte Carlo method is
widely used to determine equilibrium configurations in alloys and liquids.

The variational method consists in determining the configuration of the system of atoms,
at which the potential energy, which is a function of their coordinates, reaches a
minimum value. Calculations carried out using this method make it possible to determine
static atomic configurations in a stable equilibrium position near the point or lattice
defects that have a relatively small volume. The limited use of this method consists in the
impossibility of studying the processes occurring at different temperatures since the
kinetic component of the total energy of the system is assumed to be zero.

The molecular dynamics method is designed to investigate the motion of individual
particles, which are regarded as material points located in the field of forces. For the set
of particles under consideration, a system of ordinary differential equations of Newton's
dynamics is constructed, for which the Cauchy problem is solved. In this case, the initial
and boundary conditions are determined by the physical model in question.

During the experiments that formed the basis of the monograph, the computer simulation
was carried out using the molecular dynamics method. The choice of this method is due
to the possibility of modelling the system at a given temperature or at given atomic
velocities. In addition, there is the possibility of describing the dynamics of the process
under study in real time, so that the molecular dynamics method favourably differs from
other methods of computer simulation that can be used in the physics of condensed
media. Therefore, this method should be considered in more detail.

2.2 Method of molecular dynamics

The method of molecular dynamics was first described in [47], where a three-
dimensional one-component system of 256 particles (“hard spheres™) was investigated.
For several years, it has been developing intensively and is now successfully used to
calculate the thermodynamic properties, the structure, temporal correlation functions, and
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a number of relaxation processes for a wide variety of systems described by different
interparticle interaction potentials and having different aggregate states [42]. The method
of molecular dynamics is most widely used in the study of defects in crystals [48]. With
its help, it is possible to determine the structure, energy, and stresses of various defects,
such as vacancies, interstitial atoms, dislocations, packing defects, grain boundaries, and
so on [40-41, 46, 49-53]. In addition, the study of such processes in solids as plastic
deformation, destruction, diffusion, and others has become very popular with the help of
molecular dynamics modelling [54-60]. It is worth noting the possibility of studying of
the phase transformations, as well as the processes occurring on the surface of solids,
which makes it possible to study the structure and properties of nanoparticles and clusters
[61-66].

The method of molecular dynamics is based on a mathematical model consisting of a
system of differential equations, a difference scheme, the potential of interatomic
interaction, initial and boundary conditions [67]. The method is based on the model
representation of a polyatomic system represented as a collection of N material points, the
motion of which is described by the classical Newton equations, where each of them:

1. has a mass m;, a radius vector ¥, and a velocity v, wherei=1, 2, ..., N;
aU( )
or

2. interacts with other material points by means of forces f — . Where

U (r, ..., fy) isthe potential energy of interaction of the system,;
3. interacts with external fields by means of forces l?,

In this case, any change in the model will be determined by the system of 2N ordinary
differential equations of motion:

=i

. i=1,2 ...,N. (2.1)
=V,

dt

Thus, the force Ifl acting on the particle i, can be represented as the sum of the forces due
to the interaction of the particles with each other and the external forces:

ar, ..
iw(r”)dil’”—i— fi )
where r. =T, —F, 1, =|r|, o(r,) is the interparticle interaction potential, the choice of

which depends on the material considered.

i=1,2, ..., N, (2.2)
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To integrate this system, it is necessary to know the coordinates and velocities of all the
particles at the initial instant of time. Setting the initial conditions is a non-trivial task
since the position of the particles and their velocities have a significant effect on the
results obtained in the simulation process. If the simulated medium is a crystal, the
preparation of the initial conditions occurs in three stages [61]:

The value of the lattice constant a is calculated at a temperature T for a sample having an
infinite length along all the directions and being in equilibrium at zero pressure. For this
purpose, a calculated cell with @ =1 is constructed, and since the potential energy of
each particle is a function of the distance to the surrounding particles
Ui = U(fig, oy Fijy ooy Tin)s T =‘Fi - FJ‘ I# J,), then from the virial theorem for a particle
with coordinates (0, 0, 0), the following equation can be written:

1 au(rm""’rON)

“N'r.
,Z:;‘O‘ or

0j

=3k, T, I, =af (2.3)

0j?

where T, :\/yojhryojz +’z'0j2 is the dimensionless distance from the origin to the j-th
particle, kg is the Boltzmann constant. This equation determines the dependence of the
lattice constant a on temperature T;

1. The coordinates of the particles are set by determining the positions of the atoms at the
lattice sites which correspond to the minimum potential energy. In the future, at this
stage, a random deviation of the particles from the equilibrium position or the kinetic
energy of the system, corresponding to twice the temperature 2T, can be specified. The
subsequent relaxation of the model leads to equalization of the kinetic and potential
energies;

2. The particle velocities are set in accordance with the Maxwell distribution, which
corresponds to the temperature T or 2T, depending on whether the deviation from the
equilibrium position was given in the previous stage, while the total impulse of the
system must be equal to zero.

After these steps are completed, the procedure of relaxation of the simulated system must
come to a stationary state.

The system (2.1) is a system of ordinary differential equations, for which it is sufficient
to know the initial conditions. However, when the modelling objects represented as a
particle system, additional requirements may arise, and in order to fulfil them, it is
required to indicate the special conditions on the boundaries of the object [67]. Thus,
when studying microobjects within a small region of a crystal, the results obtained need
to be transferred to a macro volume in order for them to be plausible, that is, it is required
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to specify the conditions for joining the considered microvolume with the external
volume of the crystal, which will be the boundary condition for the studied system [42].

The hard boundary conditions are the simplest, under which the coordinates of the
boundary atoms are fixed. This type of boundary conditions is used in the study of point
defects when the interaction of atoms located near the defect region with boundary atoms
Is insignificant [46].

In the case of simulation of defects with large linear dimensions, the mobile type of
boundary conditions is used. To implement these conditions, the region under
consideration is surrounded by a boundary layer of atoms, which move in accordance
with the theory of continuous media [43]. Another way of specifying the mobile
boundary conditions is that some pressure is applied to the boundary atoms, which keeps
the crystallite from destruction. Sometimes, together with pressure, a viscous force is
applied, simulating the outflow of energy from the computational domain to the
environment [42].

If it is required to model the interaction with a part of the crystal that is not a part of the
computational domain, then it is necessary to use the periodic boundary conditions. Let
the computational domain be a cube with an edge length L and include N particles. Then,
to create the periodic boundary conditions, the computational cube is surrounded by the
same cubes with the same number of particles whose coordinates differ from the
coordinates of the particles of the computational cube by the value of L [68]. In this case,
if one of the atoms goes beyond the face of the computational cube, the same atom is
injected from the opposite side. It should be noted that when using this type of boundary
conditions, the maximum range of the interparticle interaction potential should not
exceed half the length of the edge of the computational cube, otherwise the atom might
interact with its own image [66]. In those cases when the surface of a crystal is modelled,
and free from any external influences, the use of boundary conditions is not required.

The main drawback of the method of molecular dynamics is a very high computational
cost in obtaining the results. This circumstance leads to an increase in the requirements
for the organization of the computing process.

Each iteration in the integration of the system of equations (2.1) can be divided into two
stages [67]:

1) Calculation of the interparticle interaction potential and the sum of the forces acting on
each atom from the other atoms, and also, if necessary, external forces;

2) Calculation of the new coordinates and velocities of atoms.
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The first stage takes most of the computational time. One possible way to increase the
computation speed is to introduce the cut-off radius r. of the potential. This assumption is
justified by the fact that for most materials the interparticle interaction potential is short-
range, that is, the interaction of atoms at a distance r > r, can be neglected. After the
introduction of the cut-off radius, the calculation time of the potential energy and forces
Is significantly reduced, but in this case, a singularity appears in the cut-off point, if the
potential does not approach zero smoothly. Therefore, it is necessary to check the effect
of the cut-off radius on the characteristics of the system under consideration [42].

To accelerate the search for atoms that interact with the atom under consideration, a
block method can be used [57]. In this case, the entire crystal is divided into elementary
cubic blocks, the length of the edges of which is equal to the cut-off radius of the
potential. The blocks are numbered in order, and the coordinates of the atoms of the
crystal determine the numbers of the corresponding blocks. In order to determine the
forces acting on a certain atom, only atoms located in the same or a contiguous block are
considered.

In the second stage, it is necessary to integrate a large number of equations with given
initial and boundary conditions, since it is required to determine the trajectories of a set of
particles. The numerical solution of the system (2.1) leads to errors in determining the
particle trajectories. Therefore, regardless of the choice of the numerical solution method,
it is necessary to determine the time step of the difference scheme, and also to control the
rounding errors and their subsequent correction [46].

When determining the length of the time step At, an empirical rule is used, which makes
it possible to achieve the necessary accuracy of calculations for a small time [69]. This
rule can be analytically expressed in the form

At=Ax/ 9, (2.4)

where AX is the characteristic mean free path of the atom, and 9 is the characteristic
velocity.

In order to control round-off errors, the law of conservation of energy is most often
checked [42]. In addition, it is possible to calculate the temperature and compare it with
known theoretical values.

Among the many known methods of integrating equations (2.1), the Werle algorithm [70]
became very popular, the use of which is very convenient if there are no non-
conservative forces in the system (2.1), although there are schemes that also take the
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friction into account [67]. The idea of he algorithm is to decompose the radius vector of
the particle at time instants of

F(t +At) and r(t — At) in the Taylor series to the third power in At:

et a0 =r()+ TOars 1970 e 1ITO e giar)

dt 2 dt? 6 dt’ , (2.5)
rt-an =) - T O, 10 rS)AtZ—Ed ")y 4 o(at)

ot 2 dt 6 dt _ (2.6)

Adding (2.5) and (2.6), and taking into account that the second derivative of the radius
vector with respect to time is the accelerationa(t) , we obtain

F(t+At) = 2F(t) - F(t — At) + A(t)At” + O(At*) (2.7)

Thus, the position of the particle is determined from the two previous positions, and the
acceleration can be calculated through the forces acting on it.

In the Werle algorithm, there is no need to calculate the particle velocities, but if this is
required, for example, to calculate the kinetic energy, then it can be obtained by
subtracting equation (2.6) from (2.5):

v(t )_w 1At[r(t + At) - F(t — At)] + O(At?)

(2.8).

In addition to the basic kinematic relations, the method of molecular dynamics also uses
the auxiliary relationships that make it possible to calculate various characteristics of the
system [42]. Thus, the potential energy of the system consists of the potential energy of
the pair interaction of atoms and the potential energy due to the action of external forces:

R AL

U I’ :EZ ;Z)( )+Zk:¢k(rk)’ (29)
=1 j=1(i#]

where k are the indices of the atoms to which the external forces fk*, described by the

potential ¢, (r, ), r¢ are the magnitude of the deviation of the k-th atom from the

equilibrium position. The kinetic energy of the system is determined by the following

formula
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EZ*Zmi‘Vi‘ . (210)
2ia

The temperature, which is an important characteristic of the system, can be expressed in
terms of the average kinetic energy of the particles:

ro 2B (2.11)
sNkp

where s is the number of degrees of freedom of the system.

The calculation of the mean values of the components of the stress tensor is done using
the following expression

Gaﬁ = _izn:(miviuviﬁ + lzn: FijOL rijﬁja

Vn i=1 23] (212)
where o and f are indices of the tensor component, V, is the volume of the cell by which
averaging is performed, n is the number of particles in the considered cell.

The method of integrating the system of equations (2.1), considered above, ensures the
conservation of the energy of the system. In addition, it is assumed that the volume and
number of particles also remain constant. In this case, a micro-canonical system is
modelled. Sometimes it becomes necessary to model a canonical or isothermal-isobaric
ensemble. To maintain thermodynamic quantities at a constant level, there are four
methods: differential, proportional, integral and stochastic [48].

In the differential method, the thermodynamic quantity f has a fixed value, and there are
no fluctuations about the mean value <f>,

When using the proportional method, all values associated with f at each integration step
are adjusted by a correction factor that sets the given value of the thermodynamic value f.
This correction factor determines the magnitude of the fluctuations around <f>.

The essence of the integral method consists in expanding the Hamiltonian of the system
by including new independent quantities, reflecting the effect of the external system
which fixes the state of the desired ensemble. The evolution of these quantities over time
is described by the equations of motion obtained from the extended Hamiltonian.

In the stochastic method, the values associated with the thermodynamic quantity f are
assigned values in accordance with the modified motion equations, in which some
degrees of freedom are additionally changed stochastically to give the desired value <f>.
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2.3 Potentials of the interparticle interaction

The most important procedure, when using the molecular dynamics method, is the choice
of the interatomic interaction potential. From this choice depends not only realistic
modelling but also the speed of the calculation, keeping in mind the use of resource-
intensive algorithms. Historically, the solution to this problem has been divided into two
areas: the "first principles”" method and the empirical potential method [67].

The "first principles" method is based on the solution of the Schrédinger equation for a
condensed medium, which is considered as a set of interacting nuclei and electrons. Thus,
to calculate the structure and properties of a solid body, it is necessary to specify the
initial location of the nuclei, solve the quantum problem of the location of a given
number of electrons in their field, then calculate the free energy of such a system, and
then, by moving the nuclei, it is required to minimize this energy [4]. Obviously, without
some simplifying approximations, the solution to such a problem proves to be very
difficult.

Using the "first principles” method, the energy characteristics of point defects, packing
defects [71-72], twins [72-73], antiphase boundaries in ordered alloys [74] and grain
boundaries [75-78] were calculated, but the computational complexity of this method
limits its wide use. Therefore, in modelling in the physics of condensed media, the
empirical potentials that are simpler from a computational point of view have become
more popular. Nevertheless, the conclusions derived from the quantum-mechanical
theory are often used in the construction of such potentials.

The construction of the empirical potential can be divided into two successive stages
[67]: the choice of the analytical form of the potential and the selection of the parameters
of the potential.

At the first stage, the choice can be made based on the quantum-mechanical theory,
physics or chemistry of interatomic bonds. In this case, the potential can include several
functions that depend on interatomic distances, coordination numbers, and so on.

At the second stage, it is necessary to select the parameters of the functions included in
the potential. In this case, the selection is carried out by fitting to the known physical
characteristics of the substance obtained experimentally or on the basis of quantum
mechanical calculations, which can be divided into the following groups.

The first group is the structural characteristics. This group includes the most commonly
used constant in the selection, - the lattice period of the considered crystal. The
interatomic distance is determined experimentally with the help of X-ray diffraction
analysis and electron micro-diffraction methods with an accuracy of 0.01 - 0.1% [4].
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The second group is the power characteristics. These parameters characterize the
"rigidity” of interatomic interactions. This group includes such popular constants as
elastic moduli. The accuracy of measuring the elastic moduli for single crystals is up to
0.1-1%, and for polycrystals, it is no better than 1% [4].

The third group is the energy characteristics. This group includes, for example, the
vacancy energy and the activation energy of its migration. It is very difficult to determine
the energy characteristics of a material experimentally. The fact is that the absolute
values of such parameters do not exist in the physical nature of these characteristics.
They are dependent on, for example, the actual state of the material or the domain of the
energy parameter within the material structure. Therefore, depending on the method used,
the accuracy can lie in the range of 2 - 20% [4].

Thus, when the empirical potentials are used, and when they are adapted to the three
types of parameters described above, a fairly accurate study of the structural and force
changes in the material is possible [79]. Moreover, many changes occurring in the
material at the atomic level, mainly depend on the "hardness” of the interatomic bonds,
that is, they are determined by the force parameters. But in calculating the energy
parameters, it is necessary to take into account only their relative changes and consider
the direction of these changes in the study of structural-phase transformations in
materials, and especially in the case of nanocrystals and low-dimensional systems.

The first potentials used to describe the condensed media were developed on the basis of
a pair interaction model, the basic idea of which is quite simple. Any state of the crystal
can be expressed in terms of the coordinates of the atoms. Then the energy can be
represented as a function of the distances between all the atoms, that is, the interaction of
two atoms will depend only on their mutual position, while the position of the other
atoms has no effect. Thus, the energy of the crystal will be equal to the sum of the
energies determined by the sums of the pair interactions of the atoms:

N N N
Ul = S0 B) =23 Sp(r): (2.13)
i=1 24 j=1(i=j)

In general, the representation of energy in the form of a sum of pair interactions has no
quantum-mechanical justification and is possible only for the crystals of inert gases in
which the interatomic bonds are determined by van der Waals forces. In metals, in
addition to the direct ion-ion interaction between atoms, there is also an indirect
interaction, through the effects of electron distribution. For example, the proof of the non-
pairiness of the interaction is the violation of the Cauchy relation in metals [4].
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In [80-81], an alternative approach was proposed to describe the energy states in
compounds with a metal bond, called the submerged atom method. This method is based
on the quantum-mechanical theory of the electron density functional, according to which
the contribution to the energy of arbitrarily located nuclei from the interaction with
electrons can be represented as a single-valued functional of the total electron density. It
Is assumed that the state and energy of an atom is determined only by the density of
electrons, and the density itself in a metal is represented as a linear superposition of the
contributions of individual atoms. In addition, the electron density produced by one atom
is spherically symmetric [67]. The potential energy of the crystal, in this case, will be
represented as the sum of the energy of pair interaction of atoms and the energy of
interaction of atoms with an electron gas:

N

U(EF) =52 200)+2F () (2.14)

1 j=1(i#]) i=1

I\JI—‘

where F(p;) is the energy of introduction of the i-th atom into the electron density, p; is
the total electron density for the i-th atom.

The density p; is created by spherically symmetric one-electron density functions f(r;;) of
other atoms:

-y f(r;) (2.15)

j=1(i=]j)
The parameters of the functions ¢(r;;), F(pi) and f(r;) can be determined in two ways [48]:

1. Calculation based on the quantum-mechanical theory, that is, the theory of the electron
density functional. However, it was not possible to obtain exact potentials, based only on
this method,;

2. Selection of parameters in such a way as to obtain a set of properties of the crystal that
coincide with known experimental values of physical quantities (lattice parameter, crystal
bond energy, elastic constants and vacancy formation energy).

Often, the function ¢(r;;) is given in the form of some pair potential or an n-degree
polynomial, f(r;) is determined from the quantum-mechanical representations, and the
function F(p;) can be obtained from the equation of state [67].

The potential calculated by the IAM method, when compared with the pair potential,
takes into account multiparticle interaction due to the embedded function F(p;).

Due to this term, the potential correctly describes the decrease in the binding energy per
bond, as the coordination number increases [48].
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2.4  The methodology of computer experiments

As already mentioned above, the computer experiments that form the basis of this
monograph, were carried out using the molecular dynamics method, which is by far the
most powerful tool for studying the microscopic structure of crystals. This method
favourably differs from others in the ability to solve problems associated with structural-
energy transformations of materials under conditions of temperature-force effects [8].

To describe the interatomic interaction in computer experiments, the Johnson potential
calculated in the framework of the immersed atom method was used [82]. In this
potential, the functional form of the electron density f(r), the pair potential ¢(r), and the
embedded energy F(p) are given in the following way:

f(r)=f, exp{— 'B[rL —1}}, r<r,
e , (2.16)

p(r)=p, exp{— ;{L —1}}, r<r., (2.17)
r

e

al g v1pB
F(p) =—Ec[1—aln(pﬂ(pj _cp{f’j . (218)
ﬂ Pe Pe Pe

where ¢ =3,/QB/E, , Q is the atomic volume, B is the bulk compression modulus, E. is
the binding energy, p =12f,, ®  =6¢,, I. is the shortest equilibrium distance between
atoms, r. is the cut-off radius of the potential. The value f, =S(E /Q) is the scaling
constant, which can be taken equal to one for pure metals [83].

The function f(r) is a positive decreasing function, and F(p) is a function with positive
curvature, therefore, as the density increases, the interaction becomes more repulsive
[48]. The potential parameters ¢_, f, y, r. are determined by fitting to the lattice
parameter a, or to the atomic volume Q, the binding energy E., the vacancy formation
energy E, , the bulk compression modulus B and the shear modulus G. The values of the
potential parameters calculated in [84] are given in Table 2.1, and the graphs of the
functions (2.16), (2.17) and (2.18) are presented in Figure 2.1.

Table 2.1 Johnson potential parameters

Metal fo 0e, €V o B y re, A
Ni 0.41 0.74 4.98 6.41 8.86 4.84
Au 0.23 0.65 6.37 6.67 8.20 5.70
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dT (t) _ 2T0 =T(t)
dt 7 (2.19)

where 7 is the characteristic time of interaction with the reservoir.

Thus, the temperature deviation decreases exponentially with the time constant z. By
varying z, it is possible to change the intensity of heat exchange and adapt it for specific
purposes. For example, for initial balancing of the system, z can be assumed to be rather
small, but when modelling the equilibrium system, it must be set sufficiently large. As a
rule, during the calculations, a value of the order of 1 ps is assigned to z.

The change in kinetic energy at each step is modelled by rescaling the velocities of the
atoms of the system by multiplying their values by the coefficient 1, determined from the
condition [86]

z:\/um( To —1]. (2.20)
7 \T(t-—At)

The main drawback of the Berendsen thermostat is the incorrectness of the physical
description of small systems, because of the uneven distribution of energy over the
degrees of freedom.

To perform the calculations, we used an XMD package of the molecular dynamic
modelling [87], developed by John Rifkin at the University of Connecticut (USA). The
obvious advantage of this package is a wide range of supported potentials, comparative
ease of use and openness of source codes. When using XMD, the interparticle potential is
given by a tabular method with the subsequent approximation.

In addition, in carrying out individual computer experiments, the software package
developed by the authors was also used [88].

At the final stage of the experiment, it is necessary to perform an analysis of the crystal
structure. To do this, a number of visualizers are used. So, for example, RasMol program
[89], developed by Roger Sayle at the Department of Biomolecular Structures of
Edinburgh University (Great Britain), is used to directly visualize the atoms of the
computational cell. This program is distinguished by the simplicity and logical structure
of the user interface.

To study dynamic processes, a visualizer of atomic displacements is used. In this case,
the displacements of atoms are represented in the form of segments whose length is
dependent on a given scale. If the scale of the displacements is equal to one, then the
segments join the initial and final positions of the atoms. Thus, the trajectory of the
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atom's movement during the experiment will be shown in the form of a broken or straight
line starting at the point of its position at the start of the experiment. An increase in the
displacement scale makes it possible to analyse sufficiently small atomic displacements,
which may not even be noticeable when the atomic matrix is directly mapped.
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Figure 2.1: Graphs of functions that determine the Johnson potential: (a) function (2.16),
(b) function (2.17), (c) function (2.18).

Since the crystal structures containing various defects are considered, a visualizer of the
distribution of potential energy is necessary. This visualizer allows us to accurately show
the defects in the calculation block, as well as the distribution of the internal local
stresses. The essence of the visualizer lies in the fact that for each of the atoms the
binding energy is calculated, and in accordance with this value, the atoms are painted
over in one or another colour shade.
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In addition, a close-packed overlay visualizer consisting of lines connecting atoms in
three close-packed directions is used. This visualizer is useful in studying linear defects,
restructuring the structure as a result of deformation, crystallization, and so on.

The methods used to implement the project are traditional for computer modelling.
Therefore, we can be sure that the use of proven and well-proven research methods
ensure accurate results.

3. Influence of cooperative atomic displacements on the processes of pore
formation in crystals

3.1 Modelling of the post-cascade shock wave and the initiation of low-
temperature self-diffusion by it

The characteristics of the post-cascade shock wave, which distinguishes it from the
waves obtained by other methods, are the large amplitude of atomic displacements, as
well as the small front width, which is commensurate with the lattice parameter of the
crystal [12]. In addition, the dimensions of the region of the thermal peak, the formation
of which is the cause of the generation of this wave, reach several nanometers. Therefore,
to create it, a crystallographic plane g1oywas chosen in the computational cell,
containing the boundary atoms which were assigned a speed equal in magnitude to the
velocity of the longitudinal sound waves ¢, and whose vector was oriented along the
normal to the selected plane. As a result of a subsequent relay and co-operative atomic
displacements, a running wave is formed, whose front width does not exceed several
interatomic distances, and the amplitude of atomic displacements considerably exceeds
the amplitude of thermal oscillations. The distance travelled by the shock wave prior to
its degeneration into a sound wave depended on the starting velocity of the atoms and
was calculated in tens of angstroms. At the same time, the defects in the computational
cell were arranged in such a way that the impact on them was exerted by the shock wave.

Let us perform the calculation of the basic thermodynamic parameters of the generated
shock wave. A computer experiment was carried out on a computational cell simulating
nickel crystallite and having the form of a parallelepiped. The orientation of the
crystallite was set as follows: the X-axis was directed along the crystallographic direction
<110>, the Y-axis was along <112 >, and the Z-axis was <111>. As a potential function of
the interatomic interaction, the Johnson potential calculated in the framework of the
immersed atom method was used [90]. The step of numerical integration of the equations
of motion was 5 fs. Surface effects were eliminated using the periodic boundary
conditions. Since the use of the above method of generating a shock wave inevitably
leads to an increase in the temperature of the computational cell, a proportional
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thermostat was used to store it. Thus, during the computer experiment, the canonical
ensemble was modelled.

With a long experiment, the shock wave can reach the opposite boundary of the
computational cell, as a result of which it is possible that the wave passes through the
considered region again. To avoid this, in some cases, a viscous force is applied to the
atoms of the opposite boundary, simulating the outflow of energy from the computational
domain to the environment. To calculate the thermodynamic parameters of the wave, we
divide the computational cell into elementary volumes so that after structural relaxation
each of the volumes contains one atomic plane g 1o3. Then, after the start of the computer
experiment, each volume is analysed. Thus, the obtained distribution of relative
parameters along the X axis at the temperature in the computational cell of 600 K and the
starting velocity of the boundary atoms 1.5 ¢, (for nickel ¢, = 5630 m/s [91]) is shown in
Fig. 3.1. We note that carrying out a computer experiment at a constant temperature leads
to a sufficiently rapid damping of the shock wave. Therefore, it makes no sense to
consider the distribution of thermodynamic parameters throughout the entire
computational cell, but it suffices to consider a small perturbation region.

In the computer experiments conducted, the pressure induced by the shock front was
calculated in GPa. This value largely depends on the number of boundary atoms, which
are assigned a velocity when generating a wave. Nevertheless, in spite of the large
magnitude of the stresses arising, the simulated crystal lattice remained elastically
distorted during the passage of the wave. In addition, there was no observed splitting of
the shock wave into an elastic precursor and the subsequent plastic front, and the wave
consisted only of an elastic component. Obviously, this is due to the lack of imperfections
in the lattice, which may be a nucleus of plastic shear. For example, it was shown in [92,
93] that the ideal crystal lattice of copper remains elastic up to a pressure of 30 GPa,
while with the inclusion of point defects, packing defects begin to form even at 5 GPa. In
addition, in [94] it is also said that the plastic deformation associated with the formation
and motion of dislocation dipoles is achieved at lower temperatures and much smaller
uniaxial deformations if the crystal structure contains point defects. The absence of
splitting of the shock wave in an ideal crystal during the computer simulation was
previously documented in [95]. In connection with the foregoing, the behaviour of the
shock wave generated in the conducted experiments and the response of the modelled
crystal structure do not contradict the known data.

An additional study showed that if the initial velocity is assigned to atoms of several
neighbouring planes g1qy during the formation of the wave, then the formation of point
defects is possible in the computational cell, which should contribute to the process of
self-diffusion.
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Figure 3.1: The distribution of the relative thermodynamic parameters along the X-axis
when the shock wave passes through 0.05 (e) and 0.1 (e) ps. (a) density of atoms (pg 1S
the density in the ideal lattice), (b) normal stress (oq is the internal pressure in the lattice
at a given temperature), (c) projection of the velocity (c, is the velocity of longitudinal
sound waves).

Note that, with the current level of development of the nuclear industry, nuclear power
and space technology, the need for radiation-resistant materials that withstand significant
mechanical and thermal loads increases. Radiation stability of materials is largely
determined by diffusion processes. Under the influence of irradiation, the kinetics of
various activated processes in solids can significantly differ from analogous phenomena
in the absence of radiation exposure, which is most clearly manifested, for example, in
the acceleration of diffusion processes, called radiation-stimulated diffusion. As of now,
there is no a single mechanism explaining all the observed behaviour of this process. In
the case of threshold radiation effects, the acceleration of diffusion can occur as a result
of the "radiation shaking" of a solid body during the relaxation of the metastable states
formed [96]. If the contribution of irradiation to the formation of defects by the impact
mechanism [97] as well as the formation of long-lived electronic excitations is not taken
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into account, then, as shown in [98], the radiation stimulation of diffusion processes is
associated with the deviation of the temperature dependences for the frequencies of
atomic transitions from the equilibrium position based on the Arrhenius law.

When considering the thermal diffusion in metals and alloys, the diffusion flux is
determined by the concentration of equilibrium defects. The dominant diffusion
mechanism is the vacancy mechanism. In the case of elastic deformations, excessive
vacancies can be formed and, in this case, mass transfer depends not only on the number
of defects but also on, for example, phase transitions. However, the phase transitions, as a
rule, are observed at elevated temperatures, when the role of non-equilibrium defects
decreases. The acceleration of diffusion due to the presence of non-equilibrium defects
can be investigated at lower temperatures if additional sources of their generation are
created. This can be achieved, for example, by generating a shock wave in a solid body,
which will be demonstrated later.

First, we check the used model for the reliability of the results obtained. With this in
mind, we determine the main characteristics of self-diffusion, among which, as a rule, we
consider the migration energy of the defect U, and the activation of self-diffusion Q, and
also the pre-exponential factor Dy in the Arrhenius equation

D =Dye ¥'*, (3.1)

where D is the self-diffusion coefficient, k is the Boltzmann constant, and T is the
temperature.

The self-diffusion coefficients along the three orthogonal directions x, y and z are
calculated by the formulae:

13 2 LSy 150 2y
5 :Né(xoi_xi) 5 :NE(in yi) N;(ZOI ;)

X 2t CY 2t ‘ 2t (3.2)

where Xgi, Yoi, Zoi are the coordinates of the i atom at the initial instant of time; Xiy Vi, Zi
are the coordinates of the i"™ atom at time t: N is the number of atoms in the computational
cell. The self-diffusion coefficient D was determined as the arithmetic average of D, D,,
and D, [99].

The experiments were carried out on a computational cell containing a single vacancy.
The choice of this defect is due to the fact that the vacancy diffusion mechanism is
generally accepted as the main one. Based on the results of the experiments, the
dependence of InD on the reciprocal temperature was constructed. According to (3.1),
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this dependence is direct, and its slope determines the migration energy (since the defect
has already been created):

U, =k InD. (3.3)
The pre-exponential factor is defined as Dy = InD(0) - N, where InD(0) is the value of InD
at the point of intersection of the straight line with the 1/T axis.

The dependence of InD (1/T) is shown in Figure 3.2. Note that in order to exclude the
contribution to the coefficient of self-diffusion of thermal vibrations of atoms, the
duration of the computer experiments was 2 10° steps or one nanosecond, and, in
addition, after a specified number of steps, the procedure of structural relaxation followed
by multiple zeroing of the atomic velocities. Based on the obtained data, the equation of
the pairwise linear regression was constructed. The calculated coefficient of
determination R? = 0.985 indicates a strong linear connection.

AN
\\

0,55 0,65 0,75 0,85
1097, K

InD

-30

Figure 3.2: Dependence of the natural logarithm of the self-diffusion coefficient InD on
the reciprocal temperature 1/T, constructed using the considered model.

The activation energy of self-diffusion is composed of the energy of vacancy migration
and the energy of its formation U,. The energy of formation of a vacancy can be
estimated as the difference between the energies of a computational cell with an
embedded vacancy and a computational cell consisting of the same number of atoms, but
constituting an ideal crystal lattice. The obtained values of the main characteristics of
self-diffusion are presented in Table 3.1.

The results of the calculations presented in Table 3.1 indicate the suitability of the model
used. Note that the discrepancy Dy is not critical, since the spread of the values of the pre-
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exponential factor is observed in many research works, even when calculated by the most
reliable isotope methods, and can differ by orders of magnitude [4, 101].

Table 3.1 The main characteristics of self-diffusion calculated in the framework of the
considered model.

Characteristics
Uy, eV Un, eV Q, eV Do, m?/s
Model 1.63 1.18 2.81 3.54.10°

“ ;—fe{g%‘rim] 140-180 | 1.04-130 | 2.80-288 | 1.30-10%-9.30-10

Let us now consider a computational cell that simulates an ideal crystallite in which a
shock wave is generated by assigning to a group of boundary atoms a velocity exceeding
the sound velocity c,. To study the effect of the wave on self-diffusion, we calculate the
mean square displacements of atoms using formulae (3.2). Note, that in this case, it does
not make sense to consider the long-time interval on which the mean square displacement
of atoms is determined since it is required to determine the contribution to the self-
diffusion of only the propagating wave. The length of the time interval t is set in such a
way that the wave having the maximum velocity does not cross the boundary of the
computational cell. The effect of thermal vibrations of atoms was eliminated by carrying
out a subsequent procedure of multiple zeroing of the velocities of atoms. The coefficient
oD, determined during these calculations as the arithmetic mean value of Dy, D, and D,,
characterizes the process of atomic migration, and is proportional to the self-diffusion
coefficient (0 is the dimensionless proportionality coefficient which depends on the size
of the computational cell and the duration of the experiment). Since 6D is calculated after
the passage of the shock wave, we call it the coefficient of forced migration of atoms.
The results of the calculations are shown in Fig. 3.3. To approximate the data, we used
polynomials of the third degree.

As follows from the analysis of Fig. 3.3, the passage through the computational cell of
the shock wave activates elementary acts of self-diffusion, the cause of which are Frankel
pairs that originate in the wave front. There are estimates that, in the case of heavy ion
irradiation, the pressure in the front of post-cascade shock waves can exceed not only the
real but also the theoretical yield strength of solids [3]. In this case, a flow of a defect-
free material with the mixing of the atoms of the medium and the formation of defects is
possible. Therefore, the cause of activation of self-diffusion, observed in the computer
experiments, is fully accomplishable and does not contradict known facts.
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Figure 3.3: Dependence of the forced migration of atoms oD on the initial velocity v, of
the group of atoms which generate the shock wave for different starting temperatures of
the computational cell.

As follows from the analysis of Fig. 3.3, the passage through the computational cell of
the shock wave activates elementary acts of self-diffusion, the cause of which are Frankel
pairs that originate in the wave front. There are estimates that, in the case of heavy ion
irradiation, the pressure in the front of post-cascade shock waves can exceed not only the
real but also the theoretical yield strength of solids [3]. In this case, a flow of a defect-
free material with the mixing of the atoms of the medium and the formation of defects is
possible. Therefore, the cause of activation of self-diffusion, observed in the computer
experiments, is fully accomplishable and does not contradict known facts.

The coefficient 6D reaches a high value even at a wave velocity of 1.1 -c,, which is due
to the short duration of the computer experiment. An increase in the time interval t will
not reveal the role of the shock wave in activation of the self-diffusion process since in
this case, the contribution of thermal processes increases. In this connection, we can
conclude that the coefficient 6D allows us to characterize more qualitatively the process
of self-diffusion.

According to the data presented in Fig. 3.3, it can be seen that the increase in the
coefficient of forced migration of atoms is caused not only by an increase in the starting
temperature of the computational cell but also by an increase in the wave velocity. In this
case, there exists a velocity interval in which an abnormal decrease in the value of the
coefficient oD is observed. The reason for this decline is as follows. An increase in the
wave velocity leads to the formation of not a single, but multiple interstitial atoms, which
are crowdion complexes. The data of formation are much more mobile than single
interstitial atoms, and, in addition, the spontaneous recombination radius for such defects
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is much larger. Therefore, after the passing of the wave front, the crowdion complexes
recombine with the vacancies, and if the crowdions moved only along one atomic series,
then the displacement data are not considered as the diffusion path in the formulae (3.2).
Such a process is similar to the correlation effect for self-diffusion [101]. The subsequent
increase in the wave velocity leads to the removal of crowdion complexes from the
vacancies, the "link" between them is lost, and recombination is not observed. Therefore,
the coefficient of forced migration of atoms begins to grow. We note that at high wave
velocities the calculated values of the coefficient 6D approach the self-diffusion indices
in liquid nickel, which are 2.5 10 - 7 10”° m%s, depending on the calculation procedure
[102].

Thus, the computer experiments have shown that the post-cascade shock wave can be one
of the causes of radiation-stimulated diffusion.

Obviously, the analysis of self-diffusion processes on models of only an ideal crystal
lattice is not a complete study. Therefore, it is necessary to estimate the role of structural
imperfections. ldeally, the linear or volumetric defects, which are sinks for the point
defects, are suitable for this. From the position of simplifying the calculations, preference
is given to dislocations, namely, screw ones. The choice of a screw dislocation is due to
the following considerations. First, virtually any crystal contains a growth dislocation,
which is a screw one. Secondly, an edge dislocation creates regions of dilation and,
therefore, interaction with point defects is asymmetric. Thus, the effect of the edge
dislocation on self-diffusion will depend on the mutual arrangement of point defects and
the extra-plane. Obviously, this fact is essential only for computer experiments. A screw
dislocation is devoid of this shortcoming. Therefore, we shall carry out an additional
investigation of the computational cell simulating a crystal lattice with a screw
dislocation.

The screw dislocation was created as follows. In the middle of the computational cell, an
imaginary axis was drawn, after which a base plane was allocated from the centre to the
edge of the cell, on which the atoms would experience a zero displacement when
constructing the dislocation. All the remaining atoms of the computational cell were
displaced in the given direction by an amount of

d; = b-sin(a), (3.4)
where b is the Burgers vector, ¢; is the angle between the reference plane and the atom i.

As a result, the atoms are twisted around the given axis. After the manipulations, the
structural relaxation of the computational cell was carried out before the system entered
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the state with minimal energy. To preserve the geometry of the computational cell, whose
appearance is shown in Fig. 3.4, a combination of hard and periodic boundary conditions
was used.
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Figure 3.4: The computational cell containing a screw dislocation with the Burgers
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Figure 3.5: Dependence of the natural logarithm of the coefficient of forced migration of
atoms 0D on the reciprocal temperature 1/T, calculated using the computational cells
that model the ideal lattice (solid regression line) and the lattice with a screw dislocation
(dash regression line).

The conducted study has shown that the forced migration coefficients of atoms,
calculated after the passage of the shock wave through this computational cell, exceed the
analogous coefficients determined in the cell simulating an ideal crystal lattice. The
results of the calculations are shown in Fig. 3.5. The reason for increasing the values of
the coefficients oD is as follows. A screw dislocation with the Burgers vector a/2<110>
in a crystal with an fcc lattice splits into partial dislocations with vectors a/6<121> and
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al6<211>, forming a packing defect. The interstitial atoms formed as a result of the
passage of the shock wave diffuse to this structural imperfection (see Fig. 3.6a), lowering
its energy. In the absence of a packaging defect, the Frankel pair can be recombined (see
Fig. 3.6b), which has already been discussed above. Since the angular coefficients of the
lines constructed in Fig. 3.5 decrease in absolute value as the wave velocity increases,
this will lead to a decrease in the calculated values of the defect migration energy.

<111> <110> <110>

@ (b)

Figure 3.6: Atomic displacements in the computational cells simulating a lattice with a
screw dislocation (a) and an ideal crystal lattice (b), after the passing of the shock wave.
The initial velocity of the atoms forming the shock wave is 1.1 - c,. Starting temperature

of the computational cell is1000 K.

We note that in [103] the decrease in the values of the migration energy of defects with
an increase in the flux of high-energy particles by which the nickel alloy was irradiated
was also observed experimentally. In addition, some of the values in Fig. 3.5 were
obtained at temperatures insufficient for the thermal activation of self-diffusion by the
vacancy mechanism.

Thus, as a result of this study, it was found that the main mechanism of self-diffusion,
activated as a result of the passage of shock waves through the crystal structure, is
crowdionic. It takes also place at temperatures insufficient for the implementation of the
vacancy mechanism. An increase in the wave velocity leads to an increase in the values
of the coefficient oD, and makes it commensurate with the coefficients calculated for the
liquid nickel. If the crystal lattice contains structural imperfections, the obtained values of
the coefficient oD increase due to, for example, attraction and subsequent settling of
interstitial atoms on the packing defect.
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3.2 Pore formation under the influence of post-cascade shock waves

Of great practical interest is the investigation of the behaviour of a material under the
influence of the fluxes of high-energy particles, leading to the formation of point defects.
The importance of this study is due to the need to create radiation-resistant structural
materials capable of operating under extreme conditions without significantly changing
their properties. The dimensional instability, manifested in the form of phenomena of
radiation climb or radiation swelling, is caused by the development of a new defect
structure as a result of the climbing up of dislocations, as well as, the growth of pores.
Pore nucleation is the result of the decay of an unstable system of excess vacancies
formed as a result of material irradiation, and its growth is possible due to the asymmetry
of interaction of various imperfections of the crystal structure with point defects, and is
determined by the presence of locally directed flows of vacancies at the pore. The
required ascending diffusion can occur, for example, in the fields of elastic stresses
created by bulk radiation defects of the cluster type. The contribution of post-cascade
shock waves to the initiation of ascending diffusion was not previously estimated.

Based on a quasi-thermodynamic approach to the description of the formation of a new
phase in a condensed medium, the main problem of homogeneous nucleation of the pore
was formulated in [104-105] and it can be described as follows. If we regard the pore as a
"phase of emptiness,” then the formation of the nucleus of such a phase by fluctuation,
with a size exceeding a certain critical value determined by the specific surface, is
unlikely. To solve this problem, a phenomenological theory has been developed,
according to which the combining of vacancies in the pores occurs under the action of
elastic tensile stresses, the source of which is the excess vacancies themselves.
Obviously, these results can be supplemented if we consider the behaviour of excess
vacancies in the region of discharge arising after the passage of the shock front. In this
connection, the purpose of the computer experiments presented below was to reveal the
contribution of post-cascade shock waves to the upward diffusion of vacancies and to
determine the possibility of homogeneous nucleation of the pore under the influence of
these waves. During the study, the model described in the previous section was used.

Consider a computational cell containing randomly distributed vacancies. As a result of
the passage of waves, there is a directional migration of vacancies to the source of the
perturbation. The propagation of a wave is a successive collision of atoms on the
principle of a relay, and if there is a vacancy in the atomic series, the neighbouring atom
occupies a vacant place. This mechanism of motion of vacancies is realized in the case of
the generation of waves in the computational cell at a temperature insufficient for the
activation of diffusion processes.
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To analyse the spatial distribution of vacancies, it is necessary to introduce some
dimensionless characteristic that would allow a visual interpretation. As such, one can
use the degree of filling I1, the inverse value of the porosity of the material. To calculate
the degree of filling, the number of vacancies in the atomic series is determined, and if
they are absent, then II is taken equal to one, and if there are no atoms in the series, then
IT = 0. As a result, we obtain a matrix, each element of which is equal to the degree of
filling of an individual atomic series of the computational cell. After this, an image is
constructed where a rectangle, painted in a certain shade of grey, corresponds to each
element of the matrix. In limiting cases, when I = 1, the rectangle is coloured white, and
if IT = 0, it is black. A similar visualizer is used in the construction of Fig. 3.7 (the
calculation of the degree of filling is carried out for atomic series <111>), where the
result of the following experiment is presented. The starting random distribution of
vacancies in the computational cell is set (see Fig. 3.7a). After the generation of three
shock waves, generated at an interval of 10 ps, a procedure of structural relaxation
follows by multiple zeroing of the velocities of the atoms and a new configuration of the
vacancies is investigated (see Fig. 3.7b). The visualizer shows a significant decrease in
the concentration of vacancies and the formation of a pore nucleus near the boundary of
the computational cell.

It was shown in [106] that as a result of an annealing of the fcc crystal at temperatures
lying in the interval (0.5-1) T, the pores are formed in depleted zones with a total
concentration of vacancies in the crystal above 25%. In our computer experiments, the
pore nucleus, formed under the impact of shock waves, was obtained with a decrease in
the concentration of vacancies to 10% and a decrease in the temperature of the calculated
cell to = 0.2 - T,. We note that if under the given conditions a computer experiment is
performed without generation of shock waves, then the pore nucleus is not formed, and
the vacancies are rearranged into fragments of tetrahedra of packing defects.

It is known that the pore sizes are limited by the specific surface energy, and after
overcoming a certain critical size, the pore collapses with the formation of a dislocation
loop, since the spherical shape becomes energetically unfeasible. The pore is stabilized as
a result of filling it with helium nuclei, which are products of nuclear reactions, or in the
case of compensation of surface energy by local tensile stresses. Obviously, under the
influence of such stresses, the pore nuclei can form at a much lower concentration of non-
equilibrium vacancies. Thus, when setting the deformation in the computational cell of
the 3D strain ¢ = 5% and a temperature of 300 K, the pore nuclei in the computer
experiments are formed at 8% of the vacancy concentration. The deformation was
modelled by changing the interatomic distances in the computational cell. In the case of
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generating the shock wave in the computational cell, the pores can be obtained by
reducing the concentration of vacancies to 5%.
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Figure 3.7: Visualization of the degree of filling I1 of the computational cell at the
beginning of the experiment (a) and after the generation of three shock waves
propagating from left to right with respect to figure (b). The temperature of the
calculated cell is 300 K. The white colour corresponds to an ideal crystal lattice, and the
black colour corresponds to a pore.

To confirm that a pore is formed after the passage of the shock wave, we shall carry out
the following experiment. Let us create two regions with a random distribution of
vacancies in the computational cell (see Fig. 3.8a). After the front of the shock wave
overcomes one of the regions, a procedure for multiple zeroing of the velocities of atoms
is included in order to damp the wave and thereby exclude its effect on the second region.
As can be seen from Figs. 3.8b and 3.8c the nuclei of a pore are formed only in the region
that the wave has crossed. Thus, the conducted computer experiments demonstrate the
possibility of the formation of pore nuclei during the passage of the post-cascade shock
wave along the computational cell containing vacancies. In this case, for the nucleation of
a pore, the concentration of vacancies can be much lower than in experiments without
generation of a shock wave. This is due to the discharge domain formed after the
wavefront. The vast majority of metals used in practice are polycrystals.

Their main structural element is the grain boundary, which can completely determine the
properties of a nanocrystal. It is the grain boundaries that have a significant effect on the
diffusion processes. It is known that the diffusion rate along the boundaries is orders of
magnitude higher than inside the grain, and this difference is especially noticeable at low
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temperatures. The free volume of the boundary separating the grains from each other is
equivalent to the existence of a stress of 3D strain [107]. The urgency of the study of pore
formation at the grain boundaries is due to the significant effect of pores on the processes
of grain-boundary slippage, as well as, the kinetics of grain growth. In connection with
this, we will carry out an additional study of the processes of pore formation in the
computational cell that simulates the boundary of the tilt grains. To simulate the
boundary of the tilt grains, the technique described in [108] was applied. The common-
type grain boundary was created by dividing the computational cell into two blocks and
rotating them relative to each other by an angle 6/2 along the crystallographic direction
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Figure 3.8: Visualization of the degree of filling I1 of the computational cell subjected to
3D strain € = 5%, at the beginning of the experiment (a) and after generation of the
shock wave from left to right (b), relative to the figure, and from right to left (c). The

temperature of the cell is 300 K.
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The resulting grains approached a distance at which the potential energy of the
computational cell was minimal, followed by a relaxation procedure. To preserve the
geometry of the computational cell, a combination of hard (in the direction of the X and
Y axes) and periodic boundary conditions was used.

The study was carried out on the computational cells containing grain boundaries with
misorientation angles , = 9° and 6, = 18°. According to the classification proposed in
[109], in the first case we are talking about a small-angle boundary, and in the second
case, about a large-angle boundary. The main characteristics of the simulated boundaries
are given in Table 3.2. The specific energy y, per unit area of he boundary, was calculated
as the energy difference of the computational cell containing the grain boundary and the
energy of an ideal computational cell consisting of the same number of atoms. The excess
volume AV was calculated as a linear expansion in the direction perpendicular to the
boundary, expressed in fractions of the lattice parameter.

Table 3.2 Structural characteristics of simulated grain boundaries.

Characteristic MS’S rientation anﬁ;(: d Literary data
Specific energy v, J/m® 0.648 0.972 0.690 - 0.840 [110]
Excess volume AV, a 0.101 0.113 0.094 - 0.125[111]

Note that the data given in the last column of Table 3.2 takes also into account the
boundaries of a special type. Therefore, a direct comparison of the obtained
characteristics with these data is not entirely correct, nevertheless, it can be asserted that
they do not contradict the known data.

Let us do the following experiment. In one of the grains, we will create a certain number
of vacancies distributed randomly, and in the second grain, we will generate a shock
wave. We shall study the effect of a wave on the vacancy cluster at a temperature
insufficient for thermal activation of diffusion. The computer experiment showed that
after the passage of the wave, the vacancies are shifted toward the grain boundary. It is
known that the boundary is not an insurmountable obstacle to waves. For example, when
a grain boundary of a special type X7 is intersected, only about 20% of the energy of a
solitary wave is scattered in the grain boundary region [112]. In the event that several
waves are generated, the vacancies begin to settle on grain-boundary dislocations and
subsequently delocalize. For example, Figs. 3.9a and 3.9b show the computational cells
with different grain misorientation angles, and with a vacancy concentration of 2%.

After the generation of twelve shock waves, in addition to the vacancies that have settled
on the dislocations, a group located in the second grain passes through the dislocation
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cores (see Fig. 3.9b). We note that when carrying out an experiment with a high-angle
grain boundary, the number of vacancies that have moved to the neighbouring grain is
much smaller (see Fig. 3.9d). The accumulation of vacancies on grain-boundary
dislocations activates a pipe diffusion, which is the main diffusion mechanism at low
temperatures. The decrease in the number of vacancies outside the grain boundary region
subsequently leads to a decrease in the role of bulk diffusion.

It should be noted that in the computer experiments there was a climbing of dislocations
due to absorption of vacancies. This mechanism can be realized in the case of a constant
influx of vacancies [113], which in our case provides a series of shock waves.

Let us consider computer experiments in which the computational cells were subjected to
3D strain. As the starting point, the distribution of vacancies shown in Figs. 3.9a and 3.9c
was used. After the creation of several shock waves and the subsequent relaxation of the
structure, it was observed the displacement of grain boundary dislocations to new
equilibrium positions, that is, buckling of the boundary, which occurs as a result of the
formation of pores during the drain of vacancies onto dislocations. Such a buckling, as
shown in [114], can lead to the disintegration of the entire boundary, if the values of the
external stresses are sufficient to significantly remove one of the dislocations from the
boundary. The subsequent displacement of the group of freed lattice dislocations causes
local plastic deformation and the formation of elongated grain.

Consider the results of the experiment described above in more detail. Fig. 3.10a shows a
fragment of the {111} plane of the computational cell containing the grain boundary with
6 = 18°. For clarity, the grain boundary dislocations are highlighted in the figure, which
are combined in pairs and represent vertex dislocations with the Burgers vector. In the
case of a comprehensive deformation of a computational cell with ¢ = 3%, the vacancies
drain onto one of the dislocations under the impact of shock waves, which leads to the
formation of a pore that, as a result of the action of the subsequent series of waves, begins
to shift toward the source of the perturbations. Following the impact of waves, the
vacancies, that have settled on the dislocation core, start relocating, the extra plane of the
dislocation "sprouts" deep into the crystal, which becomes much simpler under tensile
conditions, entraining a pair dislocation behind it. Thereafter the dislocations remote
from the pores begin to slip to form a vertical wall. This process leads to the enlargement
of the right grain due to absorption of the left grain (see Fig. 3.10Db).
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Figure 3.9: Visualization of the filling degree of the computational cell containing the
grain boundary with the misorientation angle 0 at the beginning of the experiment (a, c)
and after the passing of twelve shock waves generated every 2.5 ps (b, d). The
temperature is 300 K. The vertical black elements in the centre of the images correspond
to the wall of the nuclei of grain-boundary dislocations. The waves propagate from left to
right with respect to the figure.

Note one feature. The vertex dislocations are located at an angle of z/3 to the slip plane
and is much energy required to shift them. But, as shown in [109], the displacement of
such dislocations is a cooperative process involving an entire group of atoms. Moreover,
the smaller the misorientation angle 6, the higher the probability of occurrence of this
process. Indeed, when carrying out a computer experiment with a computational cell
having ¢ = 9° and conditions analogous to the experiment described above, a much
greater bending of the boundary is observed, due to the displacement of grain boundary
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Figure 3.10: A fragment of the {111} plane of the computational cell containing the

grain boundary with an angle of misorientation 0 = 18° at the beginning of the
experiment (a) and after passing of the ten shock waves generated every 2.5 ps, with a

3% (b) and 4 % (c). The temperature of the cell is 300 K.

It should be stipulated that during the computer experiment, without creating vacancies or
with a decrease in the magnitude of the deformation, the dislocation slip is not observed.

With increasing deformation up to ¢ = 4%, the pore is formed at the junction of the
grains. In addition, local amorphization of the grain boundary layer is observed near the
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pore, because of which it is not possible to reveal the nuclei of grain-boundary
dislocations. As a result of the subsequent displacement of the pore under the influence of
waves, one of the grains also grows (see Fig. 3.10c). With this amount of deformation,
the pore formation is observed even without creating vacancies in one of the grains.

The computer experiments presented in this section indicate the possibility of
homogeneous pore nucleation in the region of tensile stresses that occurs behind the front
of the shock wave. A directional flow of vacancies arising under the impact of a series of
waves leads to subsidence of vacancies on natural drains, for example, on grain boundary
dislocations. Moreover, the temperature at which this process is observed is insufficient
for its thermal activation. The pores are formed under the influence of external tensile
stresses in the grain boundary region, the displacement of which by the shock waves
causes the growth of grains.

The formation and growth of pores is a characteristic sign of structural changes during
radiation impact on a solid body. Therefore, it is necessary to investigate the effect of
post-cascade shock waves on the pores in the crystal.

3.3  Structural transformations of nanopores

The change in the structure of structural materials at the micro level under radiation,
mechanical and thermal influences is the subject of intensive experimental and theoretical
studies, because these changes affect the physical and mechanical properties of materials.
The primary structural defects for such extreme effects are point defects. The interaction
of these defects with each other, macrodefects of the structure, internal and external stress
fields lead to the formation of pores, dislocation loops, phase separations, and so on.

The problem of pore formation under the irradiation of materials has traditionally been
given a special attention since these processes are associated with the phenomenon of
swelling of the material. It is known that, depending on the size, the pore can remain
stable, transform into a tetrahedron of packing defects or into a dislocation loop. For
example, it was shown by a computer simulation in [106] that in the computational cell of
the fcc crystal, the pores are formed at a vacancy concentration above 25%. In this case,
if the radius of the pore is less than three coordination spheres (19 vacancies), then it is
reconstructed into a tetrahedron of packing defects. Pores consisting of 43 or more
vacancies remain stable at all temperatures considered in the work. In the opinion of the
authors of [115], it is energetically feasible to form spherical pores in the fcc lattice for
the vacancies with an amount of fewer than 140 units, and for a larger number, clustering
in the form of dislocation loops.
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The purpose of the computer experiments presented in this section is to investigate the
processes of structural transformations of nanopores under the influence of high-speed
cooperative atomic displacements, considered as post-cascade shock waves. The
relevance of this research is due to the fact that studies of phenomena of vacancy porosity
of materials open both ways to combat the problem of swelling of solids and helps to
interpret correctly the results obtained in the study of irradiated structural materials used
in reactors and accelerators.

The experiments were carried out on a computational cell simulating the crystallite of
gold and having the form of a parallelepiped. The orientation of the crystallite was set as
follows: the X-axis was directed along the crystallographic direction 110>, the Y-axis
was along <117-, and the Z-axis <111>. To exclude the influence of surface effects, the
periodic boundary conditions were used in all directions. To create a pore, a sphere with a
certain radius was specified in the crystal structure. Then the centre of the sphere was
combined with one of the lattice sites, and all the atoms falling into this sphere were
removed.

It should be noted that only a pore formed in an amorphous body can possess a simple
spherical shape. In a crystal, the surface energy is a function of the crystallographic
direction, and for some syngonies, the differences in its values, depending on the
orientation, can reach 50% [38]. Factors affecting the shape of the pore are also the
Kinetics of its growth and the crystallographic anisotropy of the interaction of vacancies
with pores. According to the calculations, the surface energy is minimal for
tetradecahedrons in the fcc lattice [39]. Therefore, after removal of the atoms, the
structural relaxation of the computational cell was carried out before the system entered a
state with a minimum energy.

In the experiments carried out, nanopores of different radii were used, consisting of a
different number of vacancies. Thus, Fig. 3.11 shows the images of atoms forming the
surface of the pore, that is, the number of nearest neighbours of which is different from
twelve.

When constructing the images in Fig. 3.11, the atoms were removed from the
computational cell, the binding energy of which differed from the binding energy in the
ideal lattice. As follows from the analysis of Fig. 3.11, the pores of the "correct” shape,
having a minimum surface energy, consist of fragments of eight planes of the {111} type
and six {100} type.
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Figure 3.11: The surface of vacant nanopores consisting of 38 (a) and 116 (b) vacancies.

Let us consider the process of structural transformation of nanopores at different
temperatures of the computational cell. Computer experiments have shown that the
process of restructuring the nanopore into a tetrahedron of packing defects begins at a
temperature of = 0.45 Tm (melting point of gold is 1336 K [91]). At a temperature below
this, the pores remain stable. In the tetrahedron of packing defects, the four faces
represent the packing defects of subtraction in the {111} planes, and the six edges are
vertex dislocations with the Burgers vector a/6 <110> [116]. Only small pores were
reconstructed into ideal tetrahedra, the number of vacancies in which was sufficient for
constructing an ideal tetrahedron. Thus, the pore, consisting of 15 vacancies, was
reconstructed into an ideal tetrahedron at a temperature of 900 K (see Fig. 3.12a).

<112 = €112 =

<110 <110

<1119 <1119
(@) (b)Y

Figure 3.12: The tetrahedra of the packing defects, into which the spherical nanopores
consisting of 15 (a) and 38 (b) vacancies are reconstructed, as a result of thermal
activation.

In the case when the pore is an ideal tetradecahedron, it was possible to construct a
geometrically correct tetrahedron of packing defects, even though the number of
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vacancies exceeded the required number. For example, the pore in Fig. 3.11a was rebuilt
into a tetrahedron, but inside it, the lattice did not remain ideal but filled with vacancies
(see Fig. 3.12b).

The number of vacancies that make it possible to build an ideal tetrahedron (..., 10, 15,
21, ..., and so on) is not sufficient for constructing an ideal tetradecahedron. Due to this,
large pores cannot be reconstructed into a regular tetrahedron due to the fact that some
vacancies break away from the pores as a result of thermal vibrations of the atoms. As a
rule, symmetry breaking consisted in not completely building one of the edges or in the
absence of the ideality of one of the vertices. Sometimes the pore could rearrange into
two tetrahedra, having a common vertex. An important point is that when the
computational cell was heated above the temperature = 0.45-Tm, all the spherical pores
started to rearrange into the tetrahedron of packing defects until their radius began to
exceed 13 A (236 vacancies). A larger pore radius led to its collapse and the formation of
dislocation loops.

Let us study the influence of atomic displacement waves on the processes of
nanostructure reconstruction. To begin with, we generate the elastic waves in the
computational cell which propagate with the velocity of longitudinal sound waves c, (for
gold c, = 3240 m/s [91]). When creating a wave by assigning the appropriate velocity to
the boundary atoms, the temperature of the computational cell rises. Therefore, the excess
energy had to be removed with a thermostat. As a result, the temperature of the
computational cell with some oscillations remained equal to the specified starting value.
So, Fig. 3.13 shows the graph of the temperature change of the computational cell when
the elastic waves are generated every 2.5 ps in the computer experiment.

If the elastic waves were generated in a computational cell containing a nanopore, then its
transformation into a tetrahedron of packing defects was beginning. During the
experiment, the initial temperature of the computational cell was set equal to 300 K. At
this temperature, as already mentioned above, the spherical shape of the pore is
metastable. The heating of the cells as a result of the formation of waves, as follows from
Fig. 3.13, is insufficient to thermoactivate the process of pore reconstruction.
Consequently, the stress caused by the elastic wave causes the transformation.
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Figure 3.13: The change in the temperature T of the computational cell in the experiment
during the generation of sound waves at times 0, 2.5, and 5 ps. A proportional thermostat
is used. The initial temperature of the computational cell is 300 K.

One of the mechanisms for reconstructing the pores into the tetrahedron of packing
defects is as follows. As a result of absorbing vacancies and reaching a certain critical
radius, the nanopores can collapse in the most densely packed plane of the crystal,
forming a dislocation loop. In the case of a low energy of the packing defect, the loop is
transformed into a tetrahedron of the packing defect [117]. Note that for gold, the energy
of the packing defect is lower than for metals such as silver, copper or nickel [118]. In
our case, the restructuring begins because the sound wave causes some atoms, that form
the surface of the pore, move to the nearest vacant sites, violating the initial form. Such a
non-equilibrium state causes the pore to be restructured into an energetically more
advantageous configuration, which is the tetrahedron of packing defects. The process of
reorganization of the pore consisting of 38 vacancies (see Fig. 3.11a), which are under
the influence of sound waves, is shown in Fig. 3.14 with the help of a visualizer of
superposition of close-packed rows. In this case, for the transformation of the pore, there
was enough of two waves generated in the computational cell at 2.5 ps interval. As
follows from the analysis of Fig. 3.14b at the moment of crossing the pore by a wave, the
vacancies are divided into two groups, each of which subsequently forms fragments of
packing tetrahedra (see Fig. 3.14c). During the subsequent relaxation of the structure, a
single and a larger tetrahedron is formed (see Fig. 3.14d). The subsequent generation of
sound waves does not affect the resulting defect.
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It should also be mentioned that when constructing the images in Fig. 3.14, the cooling
procedure of the computational cell was used, by repeatedly zeroing the velocities of the
atoms to improve the visualization of the structure, so the front of the transmitted wave is

not noticeable.
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Figure 3.14: The process of transforming the pores of their 38 vacancies into a
tetrahedron of packing defects under the influence of sound waves. The fragments of the
computational cell at the initial instant of time (a) and in 0.5 ps (b), 2 ps (c) and 5 ps (d)

of the experiment.

In computer experiments conducted at higher initial temperatures of the computational
cell, the tetrahedra formation was also observed, but in some cases, as, for example, at
900 K, only one wave was sufficient. Obviously, in this case, the main contribution to the
restructuring of the pore is made by the thermal vibrations of the atoms.

In order that the pore consisting of 116 vacancies (see Fig. 3.11b) be transformed into a
tetrahedron of packing defects at a computational cell temperature of 300 K, it is required
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to pass about 20 sound waves through the crystal matrix. The increase in temperature
reduced the number of waves necessary for the transformation.

Let us now consider the computational cells containing pores with a large radius. Thus,
the pore consisting of 337 vacancies remained stable at a computational cell temperature
of 300 K, regardless of the number of generated sound waves. The only thing that was
observed in this case is the migration of atoms over the pore surface. This mechanism,
apparently, is similar to the migration of atoms on the surface of a crystal, when for one
elementary act the atom makes a movement many times greater than the interatomic one.
Such a process was called the "roll-field" [119]. When the starting temperature of the
computational cell is increased to 600 K, the waves succeed in splitting off a small group
of vacancies from the "parent” pore (that is, created before the experiment), but later this
group begins to transform into a double tetrahedron of packing defects (see Fig. 3.15).
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Figure 3.15: Structural changes in the pore, consisting of 337 vacancies, after the
passing of sound waves. The fragments of the computational cell at the initial instant of
time (a) and in 0.5 ps (b), 2 ps (c) and 5 ps (d) of the experiment.
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At the next stage of the study, the shock waves were generated in the computational cell.
To create such a wave, the outer atoms of the computational cell were assigned an initial
velocity twice as large as the velocity of the sound waves. The study showed that at an
initial temperature of the computational cell of 300 K, the shock wave initiates a pore
reconstruction consisting of 38 vacancies into a double tetrahedron of packing defects.
And part of the vacancies is split off from the pore, forming a small tetrahedron, and in
the place of the pore, a tetrahedron of a larger size is formed. This splitting of vacancies
Is initiated by a shock wave, so a small tetrahedron is located in front of a large
tetrahedron along the wave propagation path. Using the atomic displacement visualizer,
which represents the lines connecting the initial and final positions of atoms, the changes
in atomic positions are shown in Fig. 3.16 as a result of the structural transformation of
the pore caused by the generation of ten sound (see Fig. 3.16a) and shock (see Fig.
3.16b) waves in the computational cell. A comparative analysis shows a violation of the
symmetry of atomic displacements, caused by the separation of vacancies from the pore.

<112 = SO0 112 e e v e e Ve e e e

<111> <110> <111> <170

(a) ®

Figure 3.16: Atomic displacements near the pore consisting of 38 vacancies, after
passing through the computational cell of ten sound (a) and shock (b) waves. The
temperature of the cell is 300 K.

When the computational cell is heated to 600 K, the generated shock waves cause not
only the transformation of the pore but also its subsequent displacement toward the wave
source as a result of the relaxation of the stresses caused by the wave (see Fig. 3.17).

Note that the defect being transported consists in the fragments of a tetrahedron of
packing defects. In the case of the alignment of a complete tetrahedron, apparently, the
stresses formed would already be insufficient for its migration. It should also be noted
that, as follows from the analysis of Figs. 3.16 and 3.17, the pore transformation and
migration is a cooperative atomic process in which a large number of atoms are involved.

EBSCChost - printed on 2/14/2023 2:14 PMvia . Al use subject to https://ww. e470. conl t er ms- of - use



Computer Modelling of Structural Transformations of Nanopores in Fcc Met. Materials Research Forum LLC

Materials Research Foundations 63 (2019) https://doi.org/10.21741/9781644900512

<111= <110 <111= <170=

(a) )

<111z <110 111 <170

(c) (d

Figure 3.17: Atomic displacements in the computational cell containing the pore of 38
vacancies after passing two (a), four (b), six (in) and eight (d) shock waves. The
temperature of the cell is 600 K.

When a shock wave passes through a pore consisting of 337 vacancies, the extreme
atoms forming the pore surface can jump to remote empty nodes. As a result, about a
third of the vacancies are split off from the pore and begin to move toward the source of
the waves. Moving of the vacancies is carried out by throwing the nearest neighbouring
atoms by the wave to vacant places. In this case, if the temperature of the computational
cell is 300 K, the "parent" pore remains stable and motionless (see Fig. 3.18), and in the
case of 600 K it begins to collapse (see Fig. 3.19). The destruction of the pore at an
elevated temperature of the computational cell occurs not only because the shock waves
split off groups of vacancies and thereby begin to break up the pore, but also due to the
"evaporation" of vacancies by the pore. The process of “evaporation™ appears to be
simplified if the sphericity of the pore shape is disturbed since in this case, the surface
energy increases. In addition, it should be noted that at a computational cell temperature
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of 600 K, a larger number of vacancies initially splits from the "parent" pore after the
passage of waves than at 300 K, and a part of the split vacancies can form fragments of
packing tetrahedra.

N T T T P I T T T I Y A W Y AV AV AT AV AVAN AW WALV

A

5 ATAYAYAY 5 FAY
<112 <> o A AN AL AT AYAYLY,
CVAYAVAVAV VT AWAVAN AYAYAYAYAYAVAYA)
ALY AV AT AV AW AV AV AV AV AV AN AW AW AW AWAVAY,

<111l= <170 <111= <170

“111l= <170

(e

Figure 3.18: Structural changes in the pore consisting of 337 vacancies, after the
passing through the computational cell of two (a), four (b) and six (c) shock waves. The
temperature of the cell is 300 K.

Thus, the conducted research has shown that the passing through the crystal lattice of
waves affects the structural changes of the nanopore. Thus, sound waves can cause the
pores to be reconstructed into packing defect tetrahedra even at temperatures that are
insufficient for an arbitrary pore rearrangement during the relaxation of the structure. The
shock waves can cause the pore displacements, as well as their splitting or breaking. The
processes of structural transformation of pores are affected by the number of vacancies,
as well as the temperature at which these processes occur.
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Figure 3.19: Structural changes in the pore consisting of 337 vacancies, after the
passing through the computational cell of two (a), three (b) and four (c) shock waves.
The temperature of the computational cell is 600 K.

3.4  Enlargement of nanopores

The basic mechanism of relaxation of metastable ensembles of radiation defects is
nucleation and clustering. The processes of clustering must be taken into account when
predicting the behaviour of structural units operating under various extreme conditions
(high temperature, radiation exposure, shock loads, sudden temperature changes, etc.). In
addition, the development of technologies that allow managing clustering processes is
extremely useful in the synthesis of new materials with predetermined properties. As
previously mentioned, the final stage of the evolution of the ensemble of vacancy pores is
coalescence, which occurs as a result of the action of heat or radiation-induced
mechanisms. The first mechanism is realized at elevated crystal temperatures, and the
second at low temperatures. In this regard, the purpose of computer experiments
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conducted in this section was to study the effect of high-speed cooperative atomic
displacements, considered as shock waves and sound waves, on processes of nanopore
enlargement.

First, consider the process of merging two nanopores of equal size. To do this, in the
computational cell that models the crystalline gold, we shall create two spherical
nanopores consisting of 38 vacancies, so that they have a common edge. Recall that,
despite the use of the term "spherical”, the pores in the fcc lattice are of the
tetradecahedron form. When performing computer experiments, the pores were arranged
in such a way that the mentally held straight line connecting the centres of the
tetradecahedrons coincided either with the crystallographic direction <110> (the
"horizontal” arrangement of the pores) (see Fig. 3.20a) or with the direction <112~
("vertical" arrangement) (see Fig. 3.20b).

As it turned out, the pore configuration data remain stable, up to a temperature of =
0.45-Tm. At higher temperatures, they are reconstructed into a single complex, which is
an unfinished tetrahedron of packing defects (see Fig. 3.21). The violation of symmetry
of the tetrahedron in our case consisted, as a rule, in the incomplete construction of an
edge or in the absence of the ideality of one of the vertices.

Let us investigate the effect of atomic displacement waves generated in the computational
cell on the coalescence of pores. In the beginning, let us consider the waves created by
imparting the velocity, equal to the velocity of longitudinal sound waves c,, to the
boundary atoms of the computational cell. In order to exclude the thermal activation of
the processes of structural pore reconstruction, we will set the computational cell a
temperature equal to 300 K.

<117 <117

<111= 2110 <111= <110

(@) (b)

Figure 3.20: Double vacancy pores located in the computational cell horizontally (a)
and vertically (b).
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Figure 3.21: The tetrahedra of the packing defects formed after 25 ps of structural
relaxation of the computational cell at a temperature of 900 K (a) (pores were located
horizontally) and 600 K (b) (pores were located vertically).

The conducted research has shown that the length of the time intervals through which the
waves are generated in the computational cell is of great importance for the processes of
structural rearrangement. To simplify the computer experiments in each case, we will
generate waves through equal time intervals. As the analysis of the calculations showed,
in order to induce structural rearrangements of nanopores at temperatures insufficient for
the thermal activation of diffusion processes, the time interval for generating waves must
be relatively small. Thus, Figs. 3.22 and 3.23 show the structural changes in the pores
located as shown in Fig. 3.20, after the passing through them of three waves generated in
the computational cell every 2.5 and 10 ps of the computer experiment.

<112 » <112 >

<111 <110 <111= <110

(2) (b)

Figure 3.22: Structural changes in the pores located horizontally, after the passing
through the computational cell of three sound waves generated every 2.5 (a) and 10 (b)
ps of the computer experiment.
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Figure 3.23: Structural changes of the pores located vertically, after the passing through
the computational cell of three sound waves generated every 2.5 (a) and 10 (b) ps of the
computer experiment.

As can be seen from Figs. 3.22 and 3.23, if the waves are generated every 2.5 ps in the
experiment, then the structural transformations of pores take place. Thus, in the case of
the initially horizontal arrangement of the pores, two non-ideal tetrahedra of packing
defects are formed, which have one common edge (see Fig. 3.22a), and in the case of a
vertical arrangement, only one of the pores is reconstructed into a tetrahedron (see Fig.
3.23a ). These structural transformations are caused by the asymmetric displacement of
atoms, which form the pore surface, from their equilibrium positions. As a result of the
increase in surface energy, the vacancy system is removed from the metastable state, and
assumes an energetically more feasible configuration. At longer intervals of generation,
by the time the next wave approaches the pore, the atoms which are removed from the
equilibrium positions by the previous wave, manage to mostly return to their original
positions and, therefore, the structural pore transformations are practically not observed
(see Figs. 3.22b and 3.23Db).

It is obvious that a larger number of waves, in the long run, will cause a complete
reorganization of the pores into a single complex. So, in Fig. 3.24, the structural changes
In nanopores are presented after the passing of ten waves generated every 2.5 ps of in the
computer experiment.
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Figure 3.24: Structural changes in the pores located horizontally (a) and vertically (b),
after the passing through the computational cell of ten sound waves generated every 2.5
ps of the computer experiment.

As can be seen from Fig. 3.24b, with the vertical arrangement of the pores, the passing
waves cause their rearrangement into a single complex, which is a tetrahedron of packing
defects, and the structure of the tetrahedron is more symmetrical on the side of the wave
source. The vacancy complex presented in Fig. 3.24b is not an ideal tetrahedron, although
some of its individual fragments are visible. The reason for this may be the fact that, with
the horizontal arrangement of the pores, one of them shields the second one from the
wave. Therefore, the impact on such a structure is less significant.

Let us turn to the study of the processes of coalescence of pores under the influence of
shock waves created by imparting the velocity, which is twice the speed of sound waves,
to the boundary atoms of the computational cell. Computer experiments have shown that
the impact of such waves on the pores does not lead to the formation of a single complex.
Thus, with a horizontal configuration, a pore rearrangement closer to the source of waves
Is observed, into an almost ideal tetrahedron of packing defects, and the second pore does
not undergo significant structural changes (see Fig. 3.25a). In the case of a vertical
configuration, both pores experience the influence of the wave in equal measure, as a
result of which two separate tetrahedra touching the vertices are formed (see Fig. 3.25b).
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Figure 3.25: Structural changes in the pores located horizontally (a) and vertically (b),
after the passing through the computational cell of three shock waves generated every 10
ps of the computer experiment.

We note that structural changes are observed at relatively large time intervals between the
wave generations. This is due to the fact that the shock waves lead to a partial destruction
of pores, and in the event that a significant number of steps of the computer experiment
take place between individual waves, only then vacancies manage to form tetrahedra that
remain stable under the impact of shock waves.

In the computer experiments described above, nanopores of equal size were considered.
Obviously, the probability of a situation where two identical pores are nearby is not high.
Nevertheless, this simplification allows us to obtain the necessary qualitative conclusions.
Much more realistic is the situation when a separate vacancy or a small vacancy complex
appears near the pores. As a result of the absorption of such defects, the pore size
increases. As one of the mechanisms of pore growth under the influence of shock waves,
the process of absorption of individual vacancies displaced by waves by small vacancy
clusters can be proposed. According to the study, the small vacancy clusters, which are a
double tetrahedron of packing defects, are the most stable configuration of the vacancies
when the shock waves pass through the crystal structure, and the waves overcome them
with minimal energy losses. The larger the vacancy cluster, the greater obstacle it
becomes for the wave. As shown in the previous paragraph, when the waves encounter
large pores, a part of vacancies is split off from the "parent” pore, which afterwards are
carried away by subsequent waves. Thus, in the event that a small vacancy cluster is
located near the pore, it will combine with the vacancies that have been split off. Let us
verify this assumption experimentally. Near the nanopore, which consists of 236
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vacancies, we arrange a complex of four vacancies (see Fig. 3.26a). The vacancies will be
located on the front side of the pore that is, from the side facing the source of the waves.
After the passing through the pore of three shock waves (waves were generated every 2.5
ps), partial capture of a small vacancy cluster is sometimes observed (see Fig. 3.26b).
During the subsequent structural relaxation, the pore finally absorbs vacancies. For
example, in the experiment described, the pore absorbs three vacancies out of four (see
Fig. 3.26¢). Consequently, we can assume that if the wave sources are located in the
crystal arbitrarily, then, in the course of time, all the small vacancy clusters must be
absorbed by the pore.
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Figure 3.26: The process of absorbing by the pore of a small vacancy cluster under the

influence of shock waves. The fragments of the computational cell at the beginning of the

experiment (a) are presented after the passing of three shock waves generated every 2.5
ps of the experiment (b) and after 25 ps of structural relaxation (c).
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Thus, the conducted study has shown the possibility of initiating processes of nanopore
enlargement by the waves at temperatures not sufficient for the beginning of so-called
heat-induced coalescence.

35 Dissolution of a nanopore near a free surface

Irradiation of various materials with ionic and plasma fluxes is actively used to modify
and improve the properties of the surface layer, thus causing various changes in it: phase,
structural, physical, mechanical, chemical and other. Depending on the parameters of the
radiation flux and surface conditions, these changes can lead to the development or
smoothing of the relief. Modification of the surface can be achieved either by direct ion
or plasma action, or by the phenomena initiated by them, such as ion-induced stresses,
dislocation mobility, recrystallization, changes in the composition of near-surface layers,
and so on [120].

The defects of the crystal lattice formed at such high-energy impact can lead to a number
of undesirable phenomena, one of which is the swelling of the material. The formation of
a pore is a first-order phase transition in a point defect system since a new pore surface is
formed in this case [121]. The driving force for the further diffusion evolution of vacancy
pores is the desire to reduce the free surface. Two tendencies are distinguished: the
coalescence of pores with a decrease in their total surface with an unchanged volume,
when the pycnometric density remains constant (“internal” sintering), and the healing of
individual pores with increasing pycnometric density (“external” sintering) [38]. The
second tendency is especially pronounced when the pore is located near the surface of the
crystal. In this case, during prolonged annealing at a constant temperature, a vacancy
"evaporation" of the pore is observed.

It should be stipulated that the crystallites of a polycrystalline material, some of whose
surface borders on the external medium, have different properties, in comparison with
internal crystallites. These differences are caused by an increase in the specific surface
energy, as well as by the processes caused by surface migration of atoms and their
interaction with the intrinsic and foreign gas phases [22].

The purpose of computer experiments conducted in this section is to study the effect of
shock and sound waves on the processes of structural changes in nanopores near the
surface.

In the calculations, the same model as in the previous sections was used, but in which the
free boundary conditions were set along one of the directions of the computational cell to
create a free surface of the crystal, and periodic ones along the others.
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In the study of a solid with a free surface, the main characteristic is the surface energy,
which is important for determining the adhesion energy [122]. Let us define the surface
energy for our model as an excess of potential energy when using the free boundary
conditions per surface area. Calculations will be carried out under the free boundary
conditions along the crystallographic direction <111>. It is obvious that the {111} plane
has the lowest surface energy in comparison with other crystallographic planes, that is
why the octahedral gold nanoparticles, as a rule, are faceted precisely by these planes
[123]. The results of the calculations are given in Table 3.3.

The discrepancy between the calculated values and those already available can be
explained by the fact that in literature sources the surface energy was calculated for
macrocrystals, and the magnitude of this characteristic decreases with decreasing crystal
dimensions [125]. In this regard, the results obtained can be considered satisfactory, and,
consequently, the model used is completely applicable for further experiments.

Table 3.3. The calculated value of the surface energy o for gold

T K o, mJ/m?

’ Obtained results Literary data
1243 1192 1450 + 80 [91]
1250 1198 1450 + 20 [124]
1270 1211 1354 + 50 [124]

Let us consider the process of dissolution of the pores near a free surface. It is known that
it can flow through two mechanisms: vacancy dissolution of the pore and diffusion flow.
The first mechanism is realized if the pore size is much less than the distance to the
vacancy, and the second is if the pore size exceeds this distance [38]. In our experiments,
the structural changes in the pores began at temperatures ~ 0.45-Ty. As a rule, the
dissolution process was a combination of both of the above mechanisms. So, Fig. 3.27a
shows a fragment of the computational cell containing the pore of 236 vacancies. After
25 ps of the computer experiment at a computational cell temperature of 900 K and when
using the free boundary conditions in the direction <112, some vacancies "evaporated".
Moreover, along with the diffusion flow, which is a cooperative process of atomic
displacements, the visualizer of atomic displacements also displays individual atomic
jumps from the surface layer to the inner surface of the pore, which corresponds to the
vacancy dissolution (see Fig. 3.27b). However, this mechanism is not dominant in our
case.

We also note that when the centre of the nanopore is removed by one interatomic
distance from the outer layer of atoms as well as the number of vacancies is decreased to
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38, the effect of the surface practically ceases, since in this case the pore is transformed
into a tetrahedron of packing defects.

Interest is caused by the change in the potential energy of the atoms of the surface layer
during the dissolution of the pore. In order to present this change visually, we will draw
maps of the level lines. When they are constructed, the value of the potential energy for
each atom of the surface layer is determined, and then, depending on the arrangement of
the atoms, a matrix of values is compiled. Further on, based on the elements of this
matrix, linear interpolation of values is carried out, and lines of the same level are
formed.

......................
......................
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..........................
....................................
....................................

<llj; .................. <llj> ..................

2111= <1705 111> <1705

(2) (b)

Figure 3.27: A fragment of the computational cell containing the pore of 236 vacancies

at the beginning of the experiment (a) and after 25 ps of the computer experiment at a

computational cell temperature of 900 K (b). Free boundary conditions are used in the
crystallographic direction <112 .

Let's do the following experiment. In the computational cell, we create a nanopore
consisting of 236 vacancies, so that its centre is located at six interatomic distances from
the surface. The surface is the {111} plane. After a certain number of steps in a computer
experiment performed at a temperature of 900 K, the value of the potential energy of the
atoms of the surface layer is calculated and a level map is constructed, as shown in Fig.
3.28.

It should be stipulated that, for the sake of clarity, when plotting the maps in Fig. 3.28,
fill areas were used instead of lines, in so doing a lighter section corresponds to a higher
value of potential energy. The non-painted portion in the centre of the map is due to the
absence of atoms in this layer, since the vacancies at this point escape to the surface of
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the crystal. For comparison, in the model used, the average potential energy per atom in
an ideal computational cell is -3.91 eV.

Let us turn to the study of the effect of high-speed cooperative atomic displacements on
the process of pore dissolution. The study showed that when the velocity of longitudinal
sound waves ¢, is imparted to the boundary atoms, then the dissolution of the pore does
not occur. In separate experiments, when the pore was located at a certain distance from
the surface, its rearrangement into a tetrahedron of packing defects was observed.

Figure 3.28: Maps of the distribution of potential energy (eV) of atoms of the surface
layer in 10 ps (a) and 25 ps (b) of the computer experiment.

This process was initiated by the generated waves since the temperature of the
computational cell was not sufficient for its thermal activation. In the event when the
velocity of 2-c, was assigned to the boundary atoms in order to create the wave, the
results of the experiment turned out to be different. As a result of the passing through the
computational cell of the generated shock waves, there was a splitting of the vacancy
group from the "parent” pore and their subsequent escape to the free surface. Under the
influence of such waves, the pore partially dissolved even at relatively low temperatures,
for example, 300 K. An additional study, whose purpose was to determine the time
intervals for generating shock waves, showed that the best result was achieved when
creating waves through a large number of steps in a computer experiment, for example,
10 ps. Thus, Fig. 3.29 shows the result of the partial dissolution of the pore, consisting of
236 vacancies, by the shock waves (see Fig. 3.27a). The use of visualizers for the
imposition of close-packed rows (Figs. 3.29a, b) and atomic displacements (Figs. 3.29c,
d) allows us to draw the following conclusion. The splitting of the vacancy group from
the "parent” pore by the shock waves initiates the cooperative atomic displacements that
carry individual vacancies to a free surface. This process transforms the system into an
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energetically more advantageous state, since in the division of the pore an additional free

surface is formed inside the computational cell, and its dissolution reduces the surface
energy.
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Figure 3.29: The process of partial "evaporation" of the pore, consisting of 236
vacancies, near a free surface under the influence of shock waves. Fragments of the
computational cells represented by various visualizers are presented after the passing
through of three (a, c) and five (b, d) waves. The temperature of the computational cell is
300 K.

We also note that, because of the use of the thermostat, the computational cell does not
warm up when the waves are generated, and its temperature remains close to the set
value. Consequently, the thermal activation of the pore dissolution process is absent.
Therefore, there is no vacancy “evaporation” in Fig. 3.29 since the temperature of the
computational cell is not sufficient to initiate this mechanism.
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Fig. 3.30 shows the maps of the potential energy distribution of atoms for the experiment
described above. Fig. 3.30a indicates the presence of a zone of increased energy that
connects the "parent™ time with the split off part of the vacancies. This zone is formed at
the time of separation of the pore and subsequently disappears (see Fig. 3.30b). The
greatest number of cooperative atomic displacements leading to the dissolution of pores
occur precisely at the time when the pore is in an intermediate and unstable state, the
state of the division into two components.

—-2.81

<117 » <117 =

<111 <110 <111> <110

(a) (b)

Figure 3.30: Maps of the distribution of potential energy (eV) of atoms in 30 (a) and 50
(b) ps of the experiment. These time points correspond to the computational cells shown
in Fig. 3.29a and 3.29b.
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Figure 3.31: Maps of the distribution of potential energy (eV) of surface layer atoms in
the computational cell containing a pore of 236 vacancies, after the passing of two (a)
and five (b) shock waves. The temperature of the cell is 300 K.
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An additional study showed that the process of pore dissolution under the influence of
shock waves is observed, no matter what a crystallographic plane of the computational
cell is chosen as the surface. For example, Fig. 3.31shows the maps of the potential
energy levels of the atoms of the computational cell, after the passing through a pore
consisting of 236 vacancies of two and five shock waves, using free boundary conditions
in the <111> direction and an initial temperature of 300 K.

As follows from the analysis of Fig. 3.31, in the absence of vacancy evaporation, the
"escape zone" of vacancies to the surface is a clearly delineated region of small size,
oriented along the close-packed direction to the wave source. In this case, with the help
of visualizers used in the construction of images in Fig. 3.29, it is not possible to obtain a
clear picture of the described process, so we will limit ourselves only to the images of the
potential distribution of the atomic energy.

Thus, the experiments described in this section indicate that the process of dissolution of
the nanopore can be realized by generating shock waves in the crystal structure. In this
case, dissolution is carried out even at temperatures insufficient to initiate thermal
activation of the diffusion dissolution mechanism.

3.6 Peculiarities of structural transformations of a nanopore in a deformed
computational cell

The details of various devices operating under conditions of intense radiation exposure
are exploited under considerable loads, which create inhomogeneous stresses in the
structural material. For example, it is known that TVEL envelope undergoes various
power actions, including vibration loads, installation forces, the internal pressure of
gaseous fission products, swelling fuel pressure, thermal stresses in the shell [126], and
so on. In addition, with the accumulation of radiation defects, additional stresses in the
material may appear due to the inhomogeneity of the swelling.

The computer experiments conducted in this section are devoted to determining the effect
of shock waves on the structural transformations of nanopores in a deformed
computational cell. Deformation was modelled by changing the equilibrium interatomic
distances in the computational cell. Only elastic deformation was considered.

It is known that the increase in the free surface during a pore collapse is compensated by
the decrease in its energy due to the restoration of bonds at the interplanar distance [118].
That is why the dislocation loop formed during the collapse is located in the plane of
close packing. The subsequent cleavage of the loop leads to the formation of a
tetrahedron of packing defects. Healing of pores under the influence of stresses is carried
out by a dislocation mechanism. In this case, shear stresses arise near the pore, and in the
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case of exceeding the critical values of the Frank-Read source, a dislocation loop is
formed and the pore boundary shifts by the Burgers vector value [127]. The computer
experiments carried out showed that Frank's dislocation loop, despite the high energy
barrier, begins to nucleate at a temperature of =~ 0.45-T,,, and its source is the internal
surface of the pore. Since gold is a metal with a low energy of packing defects, splitting
of loops is subsequently carried out, and tetrahedra of packing defects are formed (see
Fig. 3.32). The generated dislocation loop should lower the surface energy of the pore to
a value that allows it to remain stable at a given temperature. The size of the loop

depends on this.
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Figure 3.32: Tetrahedra of packing defects, obtained as a result of the splitting of the
Frank dislocation loop. A fragment of the starting configuration of the computational cell
containing the pore of 236 vacancies (a) and also through 25 ps of the experiment at a
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temperature of 675 (a), 750 (b), and 875 (c) K.
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We shall investigate the effect of uniaxial deformation of a crystal and its temperature on
the structural transformations of nanopores. To do this, the computational cell containing
the nanopores of different sizes was deformed along one of the axes and then held for 25
ps of the computer experiment at a given temperature. Later, the procedure of zeroing the
velocities of atoms followed, which resulted in the system passing to a state with a local
minimum of potential energy, and then visually studying the resulting configuration of
atoms in order to reveal structural changes in the pore. Similarly, the minimum
temperature T, was determined, at which the pore was transformed into a tetrahedron of
packing defects as a function of the uniaxial deformation &, (see Fig. 3.33). The
approximation of the dependencies in Fig. 3.33 was performed using polynomials of the
third degree.
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Figure 3.33: Dependence of the temperature T, at which the pore, consisting of a
different number of vacancies, begins to transform into the tetrahedron of packing
defects, on the uniaxial deformation &,.

As follows from the analysis of the dependencies given in Fig. 3.33, the tensile stresses
stabilize the pore, as a result of which the minimum temperature Ty, at which the
structural transformation of the pore begins, increases. In addition, the value of the
surface energy of the pore consisting of 236 vacancies is sufficient to induce a
rearrangement under the impact of compressive stresses practically without thermal
activation.

It is obvious that the elastic properties of the crystal in different crystallographic
directions will not be the same. Nevertheless, the conducted study showed that if the
computational cell containing the pores with 38 or 116 vacancies deforms within the
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limits shown in Fig. 3.33, then the differences in the transformation temperature of the
pore T, obtained under the uniaxial deformation along different directions, do not
exceed 25 K, which is only 5% of the mean value of T, Therefore, the dependence
T,p(e) is given only for deformation of the computational cell along the X-axis
corresponding to the crystallographic direction <110>.

It should be stipulated that in the case of deformation of a computational cell containing a
pore of 236 vacancies along the Z -axis, the difference in the values of Ty, from the data
obtained by deformation in the other two directions can reach 100 K. However, an
additional study carried out using the regression analysis showed that at a significance
level of a = 0.05, the differences between the T, dependences, in this case, can be
considered statistically insignificant.

Structural transformation of the pore is a cooperative process of atomic displacements,
which within the framework of the considered model is realized during several thousand
steps of a computer experiment. Obviously, at the same temperature of the computational
cell, the deformation will affect the duration of this process. Thus, Fig. 3.34 shows the
time dependence of the time t,, necessary for rearrangement of the pore in the
tetrahedron of packing defects, on the value of the uniaxial deformation &, The
temperature of the computational cell was set equal to 900 K since, with this value, the
transformations of all the investigated pores in the strain range under consideration are
observed. Approximation of the obtained data was carried out using exponential

functions.
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Figure 3.34: Dependence of the duration of the transformation process ty, of the pore,
consisting of a different number of vacancies, on the magnitude of uniaxial deformation
&y The temperature of the computational cell is 900 K.
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According to the obtained dependences, which are shown in Fig. 3.34, the duration of the
pore reconstruction process increases with the increase in its size, which is obviously due
to a large number of displaced atoms. The compressive stresses not only initiate the
accelerated transformation of the pore but also reduce the difference in the time of
transformation of pores of different sizes. Tensile stresses, as mentioned earlier, maintain
the shape of the pore, as a result of which it remains metastable for a long time interval,
despite the fact that the temperature of the computational cell is high enough.

Note that in order to calculate the time of the pore transformation, the visual analysis
used in the construction of the dependencies in Figure 3.33 is not enough, therefore, the
change in the potential energy of the computational cell in the process of structural
relaxation was calculated, and the sought-for moment was determined from local minima.
Let us explain it with an example. For instance, Fig. 3.35 gives graphs of the variation in
the computer experiment of the potential energy of a computational cell containing a pore
of 38 vacancies, when it is heated to 900 K, and also for different values of uniaxial
deformation.
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Figure 3.35: The change in the potential energy of the computational cell U during the
experiment for a different value of the deformation along the X-axis. Local energy
minima are indicated for the pore transformation.

As can be seen from Fig. 3.35, the process of pore transformation is accompanied by a
sharp decrease in the potential energy of the computational cell. The first local minimum
indicated in the figure corresponds to the formation of fragments of packing defects,
which are the edges of the tetrahedron (see Fig. 3.36a). At the same time, an energy gain
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of 2.3% is achieved. The subsequent decrease in the potential energy is due to the
ongoing process of aligning the tetrahedron, the arrangement of the atoms inside which
begins to correspond to an ideal lattice (see Fig. 3.36b) by the time the second local
energy minimum is reached, indicated in Fig. 3.35.

Let us now consider the effect of the shock waves on the process of structural
transformation of a nanopore in a computational cell subjected to elastic deformation.
Carried out computer experiments have shown that in the case of compression of the
computational cell, the vacancies which are split off from the pore by the wave, form
fragments of packing defects tetrahedra. In the case of the tension of the computational
cell, a decrease in the number of vacancies that can be removed is observed, and with a
subsequent increase in tensile stresses, the pore begins to stretch under the action of
waves, but its integrity, as a rule, remains. Thus, Fig. 3.37 shows the results of the
experiment in which the computational cell containing the pore of 236 vacancies was
deformed along the X-axis, and five shock waves were generated with an interval of 5 ps
at a temperature of 300 K. The presented images show that in the absence of deformation,
the shock waves split off the vacancy group from the pore, as was already mentioned
earlier (see Fig. 3.37a). In the presence of compressive stresses, the splittable vacancies
form an imperfect tetrahedron of packing defects displaced to the source of waves, and
the "parent” pore is located at one of its vertices (see Fig. 3.37b). When the cell is
stretched, the pore stabilizes, as a result of which the shock waves could not split
vacancies off it, however, a significant change in the shape of the pore is observed (see
Fig. 3.37¢).

<112 > <112

<111> <110> <111> <110>

(a) (b)

Figure 3.36: Structural transformations of the pore consisting of 38 vacancies during the
computer experiment at a temperature of 900 K. The configuration of the atoms
corresponds to the first (a) and second (b) a local minimum of the potential energy in
Fig. 3.35.
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If in the previous experiment the extension of the crystal led to the stretching of the pore
due to the displacement of individual vacancies under the impact of the wave, in the case
of pores of smaller dimensions, in some cases the movement of the entire cluster was
fixed, without any significant destruction of the configuration. This fact is due not only to
a decrease in the packing density of atoms under the action of tensile stresses but also by
compensation of the surface energy of the pore by these stresses. In the described case,
the relaxation of the stresses created by the wave is due to the displacement of the pore.
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Figure 3.37: Fragments of computational cells containing a pore of 236 vacancies, after
the passing of five shock waves generated at an interval of 5 ps. The computational cells
are subject to uniaxial deformation along the X-axis by the values &, = 0% (a), -1% (b)
and 3% (c). The initial temperature was set at 300 K.
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Previous research has shown that, in addition to fragmentation of the pores into
individual components, the shock waves can initiate a structural rearrangement of two
pores into twin packing defect tetrahedra. It is obvious that the stresses created as a result
of the deformation of the computational cell can contribute to the process of coalescence
of the pores. To confirm the above, we will carry out the following experiment. In the
computational cell subjected to uniaxial deformation, we create two closely spaced pores
consisting of 38 vacancies, as shown in Fig. 3.20. After that, we generate the shock
waves with an interval of 10 ps by specifying the initial temperature of the computational
cell of 300 K. Structural changes of two nanopores, which are located in the
computational cell along the crystallographic direction <110> ("horizontally™) and along
the direction <112 > ("vertically"), after the passing of three shock waves, are shown in
Figs. 3.38 and 3.39, respectively.

It can be seen from the images obtained that in the computational cell subjected to
compression, the process of pore fusion is observed with the formation of packing defect
tetrahedra (see Figs. 3.38a and 3.39a). Similar results are obtained independently of the
axis of compression of the computational cell. We note that the combination of pores in a
single complex under deformation is observed only after the generation of shock waves
since the temperature of the computational cell was not sufficient for the thermal
activation of this process. Tensile stresses prevent the pores from merging, but under the
impact of shock waves, they begin to shift either separately (see Fig. 3.38b), or together
(see Fig. 3.39b). Particularly interesting is the first case. So, if we assume that the wave
sources in the crystal are arranged in an arbitrary manner, then, under the influence of
several waves, the pores can be gradually removed from each other, which will slow the
coalescence process and, possibly, lead to a decrease in the swelling of the material.

<117 <117

<111> 110> <111> <110

(@) (b)

Figure 3.38: Structural changes in the pores located horizontally after the passing of
three shock waves generated at an interval of 10 ps, with the value of the deformation of
the computational cell e,= -2% (a) and &, = 3% (b) of the computer experiment.
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Figure 3.39: Structural changes in the pores located vertically after the passing of three
shock waves generated at an interval of 10 ps, with a value of the deformation of the
computational cell, &,= -2% (a) and &, = 3% (b).

Thus, the conducted research has shown that the impact of shock waves on nanopores in
a deformed computational cell leads to new effects. With compressive stresses, the role
of the surface energy of the pores increases, due to which the waves activate the
processes of its structural transformations, which in some cases can lead to the fusion of
individual pores. The tension of the computational cell stabilizes the pore, as a result of
which the shock waves can cause its displacement without destruction.

3.7 Splitting of a nanopore in the grain boundary region

The materials from which the various structural units are made, as a rule, are polycrystals
consisting of individual grains. Under the influence of irradiation in the grains, point
defects and various trasmutants (e.g. of inert gases) are formed. At low temperatures,
interstitial atoms, which have greater mobility than vacancies, migrate to the drains,
which are the grain boundaries, and form impurity segregations that fix dislocations. As a
result, the yield strength of the material rises. An increase in temperature leads to an
increase in the diffusion mobility of vacancies, and the formation of porosity along the
grain boundaries causes radiation embrittlement [17]. Thus, grain boundaries play an
important role in the consideration of various radiation-stimulated phenomena.

The purpose of computer experiments conducted in this section was to determine the
effect of post-cascade shock waves on the processes of structural changes in nanopores in
a polycrystal.

In this work, a symmetrical tilt grain boundary is considered. To create the boundary, the
computational cell was divided into two blocks, after which they were misoriented by an
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angle 6/2 along the crystallographic direction <111>, convergence and removal of atoms
located at a critically close distance. In order to minimize the energy of the boundary, it is
possible to carry out a rigid shift of one grain as a whole with respect to the other in a
direction parallel to the plane of the boundary, so that the boundary atoms find
themselves at the positions of the local minimum of the potential energy. In the future,
we shall consider both models of boundaries - without a shift and with a shift. Thus, for
the first model, the "atomic" relaxation was used, in which each atom moves under the
influence of all the forces acting on it until the sum of the energies of all pair interactions
reaches a minimum, and for the second model, the relaxation was carried out in two
stages: the "hard" relaxation, at which the sum of the interactions is minimized as a result
of the grain shift, but each atom still occupies the initial node in its grain, and then the
"atomic" relaxation follows [128].

When considering the system of two blocks, the misorientation of which leads to the
formation of a grain boundary region, one of the main characteristics is the specific
energy of the grain boundary y, which is defined as the difference between the energies of
a bicrystal and a single crystal containing the same number of atoms per unit area of the
grain boundary. Specific energies of the grain boundaries, determined at different grain
misorientation angles for the models used both without shear and with shear, are
presented in Table 3.4.

Table 3.4 The specific energy yof the tilt grain boundary for the considered models,
depending on the misorientation angle 6, J/m?

.. : Boundary model without The model of the boundary
Misorientation angle 6 : . . . )
relative grain shear with relative grain shear
4° 0.539 0.461
6° 0.593 0.502
8° 0.596 0.536
10° 0.600 0.561

As can be seen from Table 3.4, the values of the specific energy y for the models used
increase with an increase in the misorientation angle é. In addition, when using the two-
stage relaxation ("hard" and "atomic™), one achieves a lower energy of the boundary.

The values of the specific energy of tilt grain boundaries for gold, determined
experimentally, are equal to 0.364-0.406 J/m? [110], which is somewhat lower than the
energy values determined as a result of computer simulation. Nevertheless, this
difference is not critical and the models considered are fully applicable for further
research.
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First, let us consider a computational cell in which a spherical nanopore is located on the
tilt boundary of two grains. The tilt grain boundaries are usually represented as the wall
of edge dislocations. Obviously, in this case, the relative location of the pore and the
grain boundary dislocation should influence the energy of the grain boundary. Thus, Fig.
3.40 shows a change in the specific energy » of the grain boundary when the pore is
displaced along the Y-axis by a distance 4S from the edge of the computational cell.
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Figure 3.40: Dependence of the specific energy y of the tilt grain boundary on the
distance AS between the centre of the pore and the edge of the computational cell along
the Y axis for the model without grain shear (a) and a model with grain shear (b)

It must be stipulated that sharp declines at the beginning and end of the curves are due to
the fact that the pore is partially beyond the region for which energy is calculated.

As follows from the analysis of the dependencies constructed in Fig. 3.40, for the model
with a relative grain shear the change in the location of the pore at the boundary
practically does not affect the value of the energy. For the model in which the shear is not
used, a significant effect of the location of the pore on the energy of the grain boundary is
observed only for a small misorientation angle 8. The reason for this is the following. At
a small angle of misorientation, the successive displacement of the nanopore along the
boundary leads to the fact that it can take place between the nuclei of two grain boundary
dislocations. This location of the pore corresponds to a local maximum on the curve (see
Fig. 3.40a). The local minimum is observed if the centre of the pore is aligned with the
dislocation core. When considering a larger misorientation angle, an increase in the
density of grain-boundary dislocations led to the fact that the intersection of the pore and
the dislocation core was always observed, so the dependence is more uniform (see Fig.
3.40b). In connection with this, in future investigations, we will consider only low-angle
boundaries, since at high angles it is difficult to reveal the location of individual grain-
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boundary dislocations, and as a consequence, it will be difficult to determine the effect of
an isolated dislocation on the pore.

We now turn to the study of the impact of the shock wave on the structural
transformations of a pore located in a grain boundary region using a model without shear.
The study showed that when pores are located between the nuclei of grain boundary
dislocations, the shock waves succeed in splitting off a significant part of the vacancies
from it (see Fig. 3.41). If, however, the centre of the pore coincides with the dislocation
core, then for its splitting, higher-intensity waves are required, therefore, under the same
experimental conditions, a smaller number of vacancies are split off in this case (see Fig.

3.42).
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Figure 3.41: Fragments of computational cells with the pore located between the cores
of grain boundary dislocations, at the beginning of the experiment (a), and after the
passing of six shock waves obtained by assigning velocities equal to 1.6-c, (b) and 2.8-c,,
(c) to the boundary atoms. The temperature of the cell is 300 K.
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It was said earlier that the location of the pores between grain-boundary dislocations is
the least energetically feasible position. Therefore, in order to fragment the pores, the
small stresses created by the wave are sufficient, and, consequently, when generating a
wave in the computational cell, it is possible to assign atoms a velocity much lower than
using a crystallite model. When the pores are combined with the dislocation core, it
becomes more stable, and large stresses are required now for its splitting, therefore,

structural changes are not observed in Fig. 3.42.
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Figure 3.42: Fragments of computational cells with the pore, which is combined with the
core of the grain boundary dislocation, at the beginning of the experiment (a), and after
the passing of six shock waves obtained by assigning velocities equal to 1.6-c, (b) and
2.8:c, (c) to the boundary atoms. The temperature of the cell is 300 K.

We note that in the experiment described above a model of the tilt grain boundary with an
angle of misorientation & = 4 was used. In the case of models with high angles, the earlier
conclusions remained correct, but since the density of grain boundary dislocations
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increases, the pore in most experiments crossed their nuclei, which reduced the structural
transformations caused by the waves. In addition, when carrying out the experiments with
computational cells containing pores of smaller size, in some cases, their displacement
from the grain boundary region was observed without destroying the structure of the pore
itself.

If we carry out similar experiments using a model in which a relative grain shear is used,
then the position of the pore in the grain boundary region will no longer matter (see Fig.
3.40b). Therefore, the pore splitting could be achieved by creating a wave with
parameters, the magnitude of which almost coincides with those that are possessed by a
wave that causes pore fragmentation in the crystallite model.

Let us now consider the computational cell in which the pore being created is located in
one of the grains. An investigation of the stability of such a configuration showed that the
pore remains stable and the diffusion drift of individual vacancies during the structural
relaxation to the grain boundary was not observed. It was also noted in [129] that
vacancies, as compared with interstitial atoms, interact relatively weakly with
intergranular boundaries. The drift of vacancies, in this case, is observed when the
computational cell is heated to a temperature close to the melting point of gold since, in
this case, the pore begins to rapidly evaporate vacancies. Thus, the stresses created by the
grain boundary are not sufficient for structural changes in the pore; therefore, when it is
split into several parts by the shock waves, each component can already be regarded as a
separate vacancy cluster, since at low temperatures they remain stable, lose contact with
each other and merging into a single complex at the grain boundary does not occur.
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Figure 3.43: The dependence of the speed fraction Via/Vo (Vmax 1S the maximum velocity
of the atom during the experiment, vy is the velocity assigned to the first atom of the chain
equal to 2-cy) of the chain atoms on their coordinate Ax relative to the grain boundary
with the misorientation angle 6 equal to 4° (a) and 10 °(b). In the calculations we used
the single crystal model (e), the boundary model without shear (e) and with the shear (o).
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Figure 3.44: Fragments of computational cells with the pores located in one of the
grains at the beginning of the experiment (a), and after the passing of five (b) and nine
(c) shock waves obtained by assigning to the boundary atoms a velocity equal to 2.8-cp.

The temperature of the computational cell is 300 K.

Let us study the possibility of the shock wave to cause structural transformations of the
nanopore when separated from the wave source by the tilt grain boundary. Note that the
boundary is not an insuperable obstacle to the waves. Therefore, first, we determine the
loss of velocity of the wave of atomic displacements when crossing the boundaries
obtained by using the models described above. To do this, in the computational cell,
select a chain of atoms so that the boundary divides it in half. Assigning the initial atom a
velocity vy in the direction <110>, and thus creating relay-like atomic collisions, we
determine the maximum value of the velocity v, 0f each atom in a given direction. The
results of calculating the velocity of atoms isolated in the computational cells with
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different grain misorientation are shown in Fig. 3.43. As follows from the dependences
constructed, at a low angle of misorientation and the absence of a grain shear, the
velocity of atoms in collisions practically does not differ from the rate of their collisions
in a single-crystal lattice (see Fig. 3.43a). Therefore, using this model, the grain boundary
will not be an obstacle to the wave. Using a model with a shift causes a decrease in the
velocity (about 35%) of the atoms, which is caused by a violation of the focusing of
atomic collisions during the transition from one grain to another. Another cause of
defocusing may be the stresses created by the cores of grain boundary dislocations. An
increase in the angle # causes even a greater decrease in the velocity (see Fig. 3.43b).
Nevertheless, with a low angle of misorientation of the grains and by imparting a high
velocity to the atoms when creating the waves, it is possible to split a group of vacancies
from the pores and transfer it through the grain boundary region (see Fig. 3.44).

It is known that the dissolution of the pore can be realized due to vacancy evaporation or
due to the diffusion flow of material deep into the pore. The process of reducing the pore
size under the influence of shock waves described in this research does not fit within the
frameworks of these mechanisms. Therefore, we will call it dynamic dissolution, since it
is initiated by high-speed cooperative atomic displacements.

Thus, the conducted research has shown that the post-cascade shock waves can cause the
nanopore to be fragmented into separate components when it is located in the grain
boundary region, while there are enough waves of much lower intensity compared to a
single crystal. In many respects, the manifestation of this effect depends on the mutual
arrangement of the pores and the grain-boundary dislocations. Also, at low misorientation
angles, it is possible to have a through migration of the vacancy clusters through the
boundary of the tilt grains.

3.8  Structural transformations of a nanopore of a cylindrical shape

In the case of irradiation of a material, the intensity of the release of energy into the
electron subsystem of a solid by a fast ion can be 10-10* times greater than the release of
energy into the nuclear subsystem [130]. This difference boosts the role of electronic
excitations in the processes of defect generation, causes intense inelastic sputtering of the
material [131], including the appearance of a number of specific effects, such as local
melting, amorphization and generation of shock waves. The most interesting of the
possible results of the passage of a high-energy ion through a solid is the formation of a
hidden track. These macrodefects are detected by chemical etching of irradiated material
[132, 133]. Experimental studies [134] show that, depending on the value of the energy
released by a fast ion into the electronic subsystem of a solid, different morphologies of
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defect formations can be observed, while a relatively high value of energy leads to the
formation of long cylindrical tracks.

Irradiation of the material with high-energy ions is not the only mechanism for creating in
the material three-dimensional defects of cylindrical shape. For example, the formation of
cylindrical pores was observed when the mother solution exits from the crystal volume to
the surface when copper sulphate is heated [135]. In addition, when an electron beam is
exposed to the metal surface, a capillary is observed [136].

The study of such defects is of interest due to the fact that the material containing
extended nanopores of cylindrical shape can be widely used in the manufacturing of
filters, detectors, cooling elements in nano-electronics, and so on.

The purpose of the computer experiments described in this section was to study the effect
of shock waves on the structural changes of nanopores of a cylindrical shape.

The simulated crystalline gold originally contained 20,000 atoms. To create a pore in the
computational cell, a through hole of a cylindrical shape with a certain radius of the base
was created. Then the axis of the cylinder was aligned with one of the lattice sites, and all
the atoms entering this cylinder were removed. Since periodic boundary conditions were
used in all directions, the result was a cylindrical pore of infinite length. After the
removal of the atoms, the structural relaxation of the computational cell was carried out
before the system entered a state with a minimum energy, and the resulting structure was
used in future studies as the starting one. During the experiments, cylindrical pores of
different diameters were considered, with the axes of cylinders oriented in different
crystallographic directions. For example, Fig. 3.45 shows a fragment of a computational
cell containing a cylindrical pore oriented along the Z axis (this axis corresponds to the
crystallographic direction <111>), with a base diameter of 23 A.

The study showed that the pores of the cylindrical form remain stable at a temperature
below = 0.45-T,,,. When the temperature is raised, structural transformations are observed,
consisting in the formation of tetrahedra of packing defects. This phenomenon, as was
shown above, is also observed with pores of a spherical shape. In the process of structural
relaxation, dislocation loops are generated, the source of which is the inner surface of the
pore, and since gold is a metal with a low energy of packing defects, then the splitting of
loops occurs and the tetrahedra of packing defects are formed. At the first stage of the
transformation, relatively small tetrahedra appeared, having various geometric
imperfections, which include truncated tops or steps on the faces. Subsequently, the
tetrahedra were enlarged and the total length of their edges decreased, which, in fact, are
the nuclei of vertex dislocations. The process of enlargement of packing defect tetrahedra
by combining several fragments or by absorbing vacancies occurs as long as this
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configuration remains energetically feasible. For gold, the dimensions of the lengths of
the edges of tetrahedra are limited to 200 A [137].

<112 >

2110 >

<111>

Figure 3.45: Computational cell containing a cylindrical pore. The magnified section
shows the surface of the pore.

When the cylindrical pore was oriented along the Z-axis, it was observed a relatively
ordered formation of tetrahedra of packing defects along the pore axis in comparison with
the orientations along the X and Y axes. The reason for this, in all likelihood, is that the
direction of the Z-axis coincides with the normal to the face of the tetrahedra.

Consider the process described above with a specific example. The computational cell
containing a cylindrical pore with a base diameter of 14.5 A was kept for a certain
amount of time at a temperature of 900 K. Then, by zeroing the atomic velocities, the
structure of the system was fixed and using the visualizer of the distribution of potential
energy, the resulting structure was depicted. For clarity, the atoms having a higher energy
were coloured in a darker colour. Thus, in Fig. 3.46a, a defect structure is represented,
which is fragments of the packing defect tetrahedra formed in the computational cell
through 2.5 ps of the computer experiment. As can be seen from Fig. 3.46a, the vertices
of the tetrahedra formed are directed in opposite directions (see schematic illustration).
The ideality of tetrahedra is disrupted because, as a rule, one of the faces is unfinished.
Later, these fragments are combined into a single, larger complex, which is also not a
perfect tetrahedron (see Fig. 3.46b). In addition to not completely aligned faces, one of
them has a step (see the schematic image).

Analysing Fig. 3.464a, it can be concluded that the dislocation loops generated by the pore
are doubles, which is the more preferable configuration. It is known that the energy of a
double packing defect is less than the sum of two energies of conventional packing
defects, so the probability of double loop formation in a crystal increases [137].
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Figure 3.46: Fragments of the packing defect tetrahedra in a computational cell with a
cylindrical pore, observed after 2.5 ps (a) and 25 ps (b) of the computer experiment. The
temperature of the computational cell is 900 K. The schematic representations of the
tetrahedra of packaging defects are shown on the right-hand side.

The dislocation loops generated by the pore surface are located in the most densely
packed plane of a crystal with an fcc lattice, which is the {111} plane. Therefore, when
the axis of the cylindrical pore is oriented along the direction of the computational cell Z,
the loops are arranged symmetrically in parallel planes. Their subsequent splitting forms
an ordered arrangement of tetrahedra. But the configuration of a twin tetrahedron in the
form of a "Christmas tree" is not energetically feasible. To confirm this, we will carry out
the following experiment. Consider the ideal tetrahedron of packaging defects. To create
it in the {111} plane of the computational cell, we remove the atoms in such a way that
an equilateral triangle is formed. In the process of structural relaxation, the created
vacancy disk collapses, forming a tetrahedron. Fig. 3.47a shows the energy distribution of
atoms in the resulting tetrahedron of packing defects using a visualizer of potential
energy. As can be seen from this figure, the atoms with the highest energy are located at
the vertices of the tetrahedron, which is quite obvious. We also note that the energy of
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atoms located on the edges of the tetrahedron is slightly elevated at the edge that was
created at the beginning of the experiment by removing atoms. Fig. 3.47b shows the
double tetrahedra, from which it follows that the atoms have increased the energy
while"crossing” the edge of one of the tetrahedra.

Let us determine the energy of formation of such a configuration of tetrahedra by formula
AU = Uges — NUo, (35)

where Ugs IS the potential energy of a computational cell containing a defective
structure, after the structural relaxation, nU, is the energy of an ideal computational cell
containing the same number of atoms. Calculations show that the energy of formation of
this configuration can exceed the energy of formation of two separate tetrahedra by 25%.
Of all the possible dual configurations, the most advantageous is that when two tetrahedra
of packing defects have one or two common vertices. This was confirmed by calculations
in [106], where the tetrahedra of packing defects, formed as a result of the collapse of
different vacancy disks, were considered. In addition, if we consider the same number of
vacancies, then in the case of the formation of one tetrahedron, the energy gain can be
20%, compared with the formation of two tetrahedra. For comparison, in the model under
consideration, the energy of the formation of two separate vacancies exceeds the energy
of formation of bivacancy by 7%.

<117»

=111 <110
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@1 (b)Y

Figure 3.47: A single (a) and dual (b) tetrahedron of packing defects, represented with
the help of the visualizer of the potential energy distribution (EV).

At the next stage of the study, the computer experiments were considered in which the
cooperative atomic displacements were created that simulate the propagation of a wave in
a computational cell. The experiments carried out showed that if the wave was assigned
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to a velocity corresponding to the propagation speed of longitudinal sound waves c,,
then, as a result of the passing of the cylindrical pore with several wavefronts, the
tetrahedra of packing defects could be formed at temperatures insufficient for their
nucleation as a result of the above-described thermal activation. Thus, Fig. 3.48 shows
the defect structure formed as a result of passage through the pore of five waves
generated with an interval of 2.5 ps at a temperature of the computational cell of 300 K.

<4

<l 10> =111=

Figure 3.48: Fragments of packing defects tetrahedra in a computational cell with a
cylindrical pore, observed after passing through the cell of five sound waves. The
temperature of the cell is 300 K. A schematic representation of the tetrahedra of

packaging defects is shown on the right-hand side.

It can be seen from Fig. 3.48 that as a result of the passing of sound waves through the
pore, fragments of double tetrahedra are formed, whose shape ideality is broken due to
the incomplete construction of vertices. Thus, the sound waves can initiate the nucleation
of dislocation loops, which subsequently lead to the formation of packing defects
tetrahedra.

Let us consider the effect of shock waves propagating in the computational cell on the
structural transformations of cylindrical pores. Shock waves were created by imparting a
velocity of 2-c, to the group of boundary atoms. The carried out research has shown that
with the help of shock waves it is possible to split groups of vacancies from the “parent”
pore. The number of splittable vacancies varies depending on the frequency of wave
generation. In addition, another way to regulate this number, as has already been shown,
is the deformation of the computational cell, by means of which it is possible to split the
pore. For this purpose, a computational cell containing a cylindrical pore with a base
diameter of 23 A (see Fig. 3.45) was subjected to uniaxial tension along the Z direction
with a strain value ¢, = 3%. Shock waves were then generated at an interval of 2.5 ps.
After passing through three waves, the "division"” of the pore into two parts of
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approximately the same size is observed (see Fig. 3.49a). If in the future we generate
waves from the opposite boundary of the computational cell, then as a result of their
action on the split-off pore, one of the parts is removed from the second. As a result of
subsequent exposure of the computational cell at a temperature of 600 K and cooling, by
multiple zeroing of the atomic velocity, the "parent" pore is divided into two separate
cylindrical pores (see Fig. 3.49b). As the number of generated waves increases, the
distance between the generated pores also increases.
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Figure 3.49: The computational cell containing a cylindrical pore, after the passing of
three shock waves in the direction <110~ (a), and after the passing of the same number
of waves in the opposite direction (b). The magnified sections show the surface of the
split pore.
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Thus, the conducted study showed that cylindrical nanopores remain stable up to a certain
temperature, which for a gold crystal is = 600 K. At higher temperatures, the pores
collapse, transforming into complexes of packing defect tetrahedra. In the process of
structural relaxation, the tetrahedra are enlarged due to the absorption of individual
vacancies or neighbouring tetrahedra. Consequently, it can be assumed that in the place
of a cylindrical pore of a large extent an ordered system of packing tetrahedra can form.

The critical temperature at which the cylindrical nanopore is transformed can be reduced
by the impact of elastic waves on the pore. Under the influence of shock waves,
cylindrical nanopores can be split into individual components. In combination with the
tensile deformation by means of shock waves, it is possible to divide a cylindrical
nanopore into two separate pores of smaller diameter having the same orientation.

The results of the experiments [138-189] testify to the important role of the post-cascade
shock waves in the processes of nucleation, growth, and subsequent structural
transformations of nanopores. A distinctive feature of the processes described above is
the possibility of their occurrence at temperatures insufficient for the onset of diffusion
processes. The obtained results can be used, both in radiation materials science and in
predicting the behaviour of materials operated under extreme conditions. For example, it
is known that the main ways to reduce the radiation swelling of structural materials are to
change the structural state of materials by alloying, mechanical and thermal treatments. It
is also possible that the results described in this chapter may contribute to the
development of a new technique for controlling swelling.

4.  Formation of nanopores in bimetallic particles under the influence of shock
waves

4.1 Influence of the post-cascade shock waves on the interphase boundary of
bimetals

Various bimetallic compounds are actively used in many fields of science and
technology. Wear-resistant and tool bimetals are increasingly used in machine parts and
subjected to severe wear [190]. Antifriction bimetals have long been used for the
production of sliding bearings. Conducting and contact bimetals are actively used.
Bimetals for deep drawing combine, in addition to high strength and sufficient ductility,
good thermal conductivity and corrosion resistance [191-192]. In turn, with the transition
to nano-dimensional materials, the theoretical and experimental interest in bimetallic
nanoparticles has sharply increased. The unique physical and chemical properties of
bimetallic particles are associated with their structural, electronic, and optical properties
[193].
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The structure of bimetallic nanoparticles is determined by the distribution of metals in it.
Particles can be organized in the form of an alloy of arbitrary composition or have a core-
shell architecture. The latter type is realized only at the nano level and represents
particles of the same metal, covered by another. Such materials attract considerable
research interest in connection with their potential application in the field of
heterogeneous catalysis since they are often more active than their monometallic
counterparts. The improvement in the properties of these systems is associated with the
complex interaction of electrons of two metals and the effects of lattice parameter
changes in bimetallic alloys or on the interphase boundaries of two metals [193-194]. Of
special interest are compounds of Ni-Al and Ni-Fe. So bimetallic Ni-Fe nanoparticles are
used in the production of hydrogen gas, which isa good catalyst that allows to
significantly reduce the level of tar at a smaller surface area [195-196]. Bimetallic Ni-Fe
particles act in the catalyst's role in the production of methane [197]. Bimetallic Ni-Al
compounds are used to produce multilayer carbon nanotubes from polypropylene [198]
and other compounds [199].

Bimetallic compounds, due to their use in various technological processes, can be
subjected to various intense external influences, which can lead to energy and structural
transformations and which, in turn, affect the properties of such particles. Thus, we see
the most relevant study of the effect of the flow of high-energy particles on a solid body,
accompanied by the formation of post-cascade shock waves formed as a result of a sharp
expansion of a strongly heated cascade region [3] and the passage of such waves of the
boundary interface of metals.

The model considered was a two-dimensional crystal [200]. The choice of the dimension
of the system is determined by a number of factors. Recently interest in two-dimensional
systems has been growing due to the discovery of two-dimensional materials and
prospects of their use. Also, two-dimensional models make it possible to visualize more
clearly the processes taking place in crystals. In addition, less computer time is required
to perform the calculations.

In this section, all experiments on two-dimensional models were carried out for the
<111> plane of the fcc lattice. The choice of this plane is due to the fact that this plane is
the most closely packed and, consequently, such a model will be the most stable. It is also
known that diffusion processes, as a rule, develop in close-packed directions, which
correspond to the <111> plane in a conventional fcc crystal. The computational cell
represented a rectangle (Fig. 4.1) with sides along the crystallographic directions along
the X and Y axes in the crystallographic parameters of the three-dimensional fcc lattice.
The number of atoms in the computational cell ranged from 1600 to 4500, depending on
the experiment. The atoms interacted through the Morse pair potential:
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where D is the binding energy corresponding to the depth of the potential well, o is the
parameter that determines the rigidity of the interatomic bonds, r determines the
equilibrium interatomic distance. The parameters were calculated by the standard
procedure [20] from the following conditions:

13 13 o OPs
— A R = E y — | — = 0’ —V = K .
2;”'%\/" S 2;’7(8\/ jv_vo (av j 0

(4.2)

Here E. is the sublimation energy of the crystal atoms at zero temperature, K, is the bulk
modulus of elasticity, and V; is the equilibrium volume.
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Figure 4.1: The computational Ni-Al bimetal cell.
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To approximate the real crystals, a boundary condition was imposed on the cell. The
periodic boundary conditions along the X-axis were imposed. Along the Y-axis, the
boundary conditions were formed as follows. The formation of a post-cascade shock
wave (PSW) occurred from the side of Ni (see Fig. 4.1) with free boundary conditions, in
Fig. 4.1 this region is marked with the number I. The number Il marked the artificially
created boundary of the interface of metals, which underwent a relaxation procedure, and
during which the boundary atoms occupied an equilibrium position. As a result of the
relaxation, an increase in the cell temperature to several tens of Kelvin was observed. The
relaxation time of the cell was 100 ps, and the cooling stage was 50 ps. Such a time frame
of the experiment is enough for the cell to get rid of the excess free volume that appeared
on the interface of metals when creating the initial structure. As a result, an interface with
characteristic misfit dislocations was formed (see Fig. 4.2). The buffer zone designed to
damp a shock wave that has passed the interface of metals and prevent the formation of a
reflected wave from the boundary of the computational cell is marked by the number III.
In this region, the velocity of atoms decreases by 5% at each step of integration, i.e. this
is the cooling area. The boundary of Al (Fe for Ni-Fe), which represents a region with
rigid boundary conditions, is marked by 1V.
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Figure 4.2: The boundary of Ni-Al bimetal with formed misfit dislocations.

To create a wave, the atoms in the boundary region | (Fig. 4.1) of the computational cell
were assigned a velocity commensurate with the speed of sound in the Ni crystal, along
the direction.

In a number of works [203-208], it was shown that dynamic crowdions and soliton-type
waves can lead, both to the slip of dislocations, and to their climbing, as well as to the
directed drift of defects near the misfit dislocations.
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When simulating the passage of the PSW through the crystal, the behaviour of the atoms
near misfit dislocations was monitored, depending on the velocity of the wave. The
velocities were set in the range of 0.7-1.6 of the sound velocity in Ni, for Ni-Al bimetal
and 0.7-2 for Ni-Fe bimetal.

Consider the effects that arise near the Ni-Al boundary. As a result of the experiments, it
was established that at the initial velocity of the wave 0.7-1.1 of the sound velocity in
nickel after its passage through the interface of metals was observed a slip of dislocations
along the metal boundary caused by an increase in the temperature of the computational
cell. At the same time, we note that the front of the wave experiences distortions during
the passage of the boundaries of metals. In fact, the misfit dislocations become sources of
secondary waves, which leads to their superposition (interference) and, as a result, to the
destruction and release of energy near the metal boundary, mainly in the Al lattice. At
velocities of 1.1 - 1.3, the shock waves caused the misfit dislocations to climb into the Al
lattice, which cannot be explained by an increase in the temperature of the computational
cell to 300 K.
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Figure 4.3: The boundary of Ni-Al bimetal at the time of the passing of the shock wave,
with characteristic regions of compression and expansion near the metal boundary.

The phenomenon of interference of secondary waves after passing through the bimetal
boundary was most clearly observed at initial velocities of the shock wave 1.3 - 1.6 of the
sound velocity in Ni. This is due to the decrease in the wavelength, as well as the increase
in the energy transferred by it. As a result of the passage of the misfit dislocations by the
shock wave, regions with an increased and decreased concentration of atoms (diffraction
maxima and minima, Fig. 4.3) were formed in the aluminium lattice.
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Figure 4.4: The structure of the Ni-Al bimetal boundary after the passing of the shock
wave at a speed exceeding 1.4 times the sound velocity in Ni.

The energy release in the border zone of the bimetal led to the heating of the Al lattice to
temperatures close to the melting point, as a result of which the diffusion mechanisms
became more active and the characteristic boundary of the metals was formed (see Fig.
4.4). At a shock wave velocity of 1.5-1.6 and more than the sound velocity in nickel, pore
nuclei in the near-boundary region on the Al side were formed (Fig. 4.5). The nuclei
often collapsed with the formation of a dislocation loop, or they could develop into a
stable existing pore.

Similar experiments were carried out with Ni-Fe bimetal. To analyse the differences in
the results of the experiments performed for Ni-Al and Ni-Fe, some of their parameters
are given in Table 4.1.

Due to the proximity of the given physical parameters of Ni and Fe, the effects that were
clearly manifested for the Ni and Al boundaries were less pronounced here. Because of
the smaller differences in the lattice parameter, the misfit dislocation density of Ni-Fe
was less than Ni-Al. This reflected on the number of compression/tension regions near
the boundary and increased the distance between them. It is established that for the climb
of misfit dislocations in Ni-Fe, a shock wave with a velocity of at least 1.5 sound
velocities in nickel is necessary, and for the formation of pore nuclei, 1.9 sound velocities
in nickel and more are required. Such dependencies are also due to the melting points of
the bimetal components. If Al has a melting point 1.85 times lower than that of Ni, then
iron has a slightly higher melting point than Ni. The energy of the shock wave, when
scattered near the boundary of the bimetal, leads to local heating, and in the case of Al, to
the actual melt and rearrangement of the dislocation structure, more energy is required for
iron to activate these processes.
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Figure 4.5: Formation of the pore near the Ni-Al bimetal boundary after the passing of
the shock wave at a speed exceeding 1.6 times the sound velocity in Ni.

Table 4.1 Physical characteristics of bimetals.

Type of Ratio of nominal | Ratio of nominal Ratio of the Ratio of melting

bimetal sizes of atoms masses of the | elastic moduli of points of the
components the components components

Ni — Al 0,87 2,17 2,87 1,85

Ni — Fe 0,9 1,05 0,99 0,95

The studies carried out by the molecular dynamics of the influence of shock waves on the
structure of the model boundary of Ni-Al and Ni-Fe bimetals have shown that, depending
on the initial velocity of the wave motion, it can cause misfit dislocation slip, their
climbing, and also lead to the formation of pores near the bimetal boundary . Such
structural changes can affect the physical and chemical properties of bimetallic particles.

4.2  The passage of shock waves through the interface of bimetallic particles

The processes considered in the previous section will undoubtedly be influenced by the
finite dimensions of the bimetallic particles and the free surfaces of the particles.
Therefore, in what follows we will consider a three-dimensional model of bimetallic
particles of different sizes and mutual orientations. The study is carried out with the
example of Ni-Al bimetal since the effects obtained in it were most pronounced.

The simulation was carried out using the LAMMPS MD-modelling package, the obvious
advantage of which is a wide range of supported potentials, comparative ease of use and
the open source code. This package was developed for application to calculations on
parallel computers.
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As a potential function of interatomic interaction, the potential included in the standard
set of LAMMPS calculated in the framework of the immersed atom method (EAM) was
used. The temperature of the computational cell was set by assigning random velocities to
atoms in accordance with the Maxwell-Boltzmann distribution for this temperature. The
step of numerical integration of the equations of motion was equal to 1 fs.

In the present work, the study was carried out on a computational cell simulating the Ni-
Al bimetal (Fig. 4.6), which had the form of a rectangular parallelepiped, the number of
atoms and the cell size varied to determine the influence of the size factor on the
behaviour of the bimetal during the passage of the shock wave. The minimum linear
dimensions of the computational cell were 6.6 nm along each edge of the parallelepiped
or 4.5 x 10° atoms in the cell, the models whose linear dimensions reached 65 nm along
one of the edges of the parallelepiped containing about 2.3 x 10° particles were
considered maximally. The thickness of the Al layer varied from 4.2 to 15.45 nm.

To obtain model bimetals, two initial single-component crystals of different metals in the
form of rectangular parallelepipeds were placed at a distance of about 2.5 A from each
other. After that, the structure was relaxed. Along all axes, free boundary conditions were
set.

Three orientations of bimetallic particles in space were considered:

I. The X-axis was directed along the crystallographic direction < 101 >, the Y-axis was
along <010>, and the Z-axis was along <101>;

Il. The X-axis was directed along the crystallographic direction <100>, the Y-axis was
along <010>, and the Z-axis was along <001>;

I11. The X-axis was directed along the crystallographic direction < 110 >, the Y-axis was
along < 112 >, and the Z-axis was along <111>.

Figure 4.6: The 3-D view of a bimetallic Ni-Al block containing 834,000 atoms.
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Figure 4.7: The misfit dislocation grid at the interface of bipartite bimetallic Ni-Al
particles, (a) the X-axis is directed along the crystallographic direction <010>, the Y-
axis is along < 101 > and the Z-axis <101>; (b) the X-axis is directed along the
crystallographic direction <100>, the Y-axis is along <010>, the Z-axis <001>, (c) the
X-axis is directed along the crystallographic direction <111>, the Y-axis is along
<112 >,and Z < 110 >.

At the metal interface, a mesh of misfit dislocations formed due to the difference in the
lattice parameters of the components of bimetallic particles and the orientation of its
components in the space (Fig. 4.7). Such a configuration allowed us to consider the
interface with different density of misfit dislocations and the direction of close-packed
atomic rows.

To create the wave, a group of atoms in the border region of the computational cell (one
outer atomic layer) was assigned a velocity exceeding the speed of sound waves from the
material along the crystallographic direction of the corresponding Z axis. The velocity of
atoms was assigned in the interval from 1 c to 1.5 c. Thus, a shock wave was formed that
passed through the Ni-Al bimetal interface.
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Figure 4.8: The bimetallic Ni-Al particle (834,000 atoms) oriented for the case I; (a) the
3D view of the Ni-Al nanoclusters after the passage of the shock wave; (b) the
visualization of the formed Al clusters; (c) the surface relief following the separation of
Al nanoclusters after 5 ps of relaxation.

Particular attention was paid to the shock wave propagating along the close-packed
direction, since in this case, the mechanism of focusing of the energy takes place, and the
spherical wave is transformed into fragments of plane waves propagating precisely along
the close-packed directions.

As shown in the previous section, the passage of shock waves is accompanied by their
diffraction on the misfit dislocation nuclei near the metal interface. With sufficient wave
energy, the nuclei of the pores in Al were formed. The misfit dislocation grid for the
three-dimensional case has a complex structure, so the distribution of the interference
maxima (minima) also has a more complex form.

We consider two directions of propagation of shock waves. In the first, the wave was
initiated from the side of Ni. Its velocity varied from 48 A/ps to 72 A/ps, in accordance
with the tabulated value of the sound velocity in Ni crystallite [209].
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In the case of orientation I, the wave propagation direction corresponded to the close-
packed direction in the crystal. With this configuration, the wave passes through the
interface of metals with minimal distortion of the front and energy losses (Fig. 4.8a). The
evaluation showed that about 45% of the energy of the initial wave comes up to the
surface of Al, while the outer Al atoms break off to form nanoclusters, whose initial
dimensions correspond to the linear dimensions of the mesh dislocation grid cells (Fig.
4.8b). After the split of Al atoms, the characteristic surface of the bimetallic particle was
formed (Fig. 4.8c). The shape of the surface is due to the presence of free boundary
conditions.

At shock wave velocities of more than 60 A/ps, pore nuclei were formed near the
interface of the bimetallic particle on the Al side. Further relaxation of the structure led to
the collapse of the formed pores. The evolution of the porous structure is fairly rapid. The
main trend is to combine the pores from the edges to the centre and then collapse.

In more detail, the evolution of the pores will be considered for the Il and 111 cases of the
orientation of the bimetal components. For the entire velocity interval, the formation of
pore nuclei near the metal boundary took place. As experiments showed, the initial
velocity of the shock wave affected the size of the pore nuclei that formed on the Al side
(Fig. 4.9).

Lz (nanometer)

V (103 m/s)

Figure 4.9: Dependence of the linear size of the pore along the Z-axis on the initial
velocity of the shock wave, the round marker corresponds to the direction of propagation
of the wave <111>, the square one <001> and triangular <101>. The linear dimensions

of the bimetal along the X and Y axes are 41.8 nm and along the Z-axis 14.1 nm.
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Figure 4.10: Evolution of pores in a bimetallic particle of orientation 11l after the
passing of the shock wave with a velocity of 60 A/ps. The thickness of the visualized plane
is 4 nm. The linear dimensions of the bimetal along the X and Y axes are 41.8 nm and
along the Z axis 14.1 nm.

The pore nuclei for the case 111 were significantly larger than for other orientations of the
bimetal components at the same initial wave velocity since there was a denser presence of
misfit dislocations at the metal interface. This was most clearly manifested for velocities
of more than 60 A/ps. Also, the dissipation of energy of the shock wave after passing
through the boundary was facilitated by a non-closely packed direction in the crystal.

In this case, the pore distribution and the rate of their collapse in bimetal depended on the
linear dimensions of the particle. Note that for particles of the dimension less than 8 nm
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the pores were not formed. This is due to the influence of the free surface of the bimetal
and to a smaller number of dislocations at the interphase boundary. For bimetals
measuring 8 to 15 nm, two or three pores are formed in the regions of the first and second
interference minimum of the shock wave on misfit dislocations. For larger cell sizes, the
number of pore nuclei increased, an example of the evolution of this structure is shown in
Fig. 4.10.

The size of the bimetallic particles influenced the pore collapse time. Fig. 4.11 shows
such a dependence for the orientation of the components of bimetal (case Ill) from the
linear cell dimensions along the X and Y axes. The thickness of the Al layer was a
constant value of 5.84 nm for all the experiments.

30 -

time (picosecond)

6.6 153 20,7 27.8 35 41.8 488 56 64,5
Lxy (nanometer)

Figure 4.11: Dependence of pore collapse time on the linear dimensions of a bimetallic
particle along the X and Y axes for the case IlI.

The results obtained indicate that the effect of the free surface decreases with increasing
of linear dimensions of the cell. It is important for these processes even for the particles
greater than 60 nm in dimension.

Next, the effect of the thickness of the Al layer on the possibility of pore formation was
considered, the results are shown in Fig. 4.12. The linear dimensions of the cell along the
X and Y axes were kept at 41.8 nm. The results obtained indicate that at a thickness of
more than 15 nm, the pore formation does not occur. Despite the Al melt near the metal
interface, the energy of the wave is not sufficient to create a free volume due to the
displacement of Al atoms along the Z-axis.
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Thus, the observed effects are largely determined by the dimensions of the bimetallic
particles.

Lz (nanometer)

0 —T—
42 584

9.11 10,54 12,15 13,8 15.45
Sal (nanometer)

7.48

Figure 4.12: Dependence of the linear pore sizes along the Z-axis on the thickness of the
Al layer, the linear dimensions along the X and Y axes are 41.8 nm.

In the case of the initiation of a shock wave on the Al side, the wave velocity was set in
the range from 50.8 A/ps to 76.2 A/ps, in accordance with the sound velocity in Al [209].
The obtained results show that, despite the change in the direction of propagation of the
shock wave, the pore nuclei were formed on the Al side. This is due to the partial
reflection of the shock wave from the metal boundary and the lower binding energy of
the Al atoms to each other. The orientation of the components of the bimetal influenced
the size of the nuclei of the pores in a similar manner, as in the initiation of a wave from
the side of Ni. In the case of the propagation of a shock wave along a close-packed
direction, the pore size was minimal. Thus, regardless of the direction of the shock wave,
it is possible to form pore nuclei only on the Al side near the metal interface.

Computer simulation of the passage of a shock wave through the interface of a bimetallic
Ni-Al particle, carried out by the molecular dynamics method, showed a significant effect
on the structure of the boundary and the surface of the crystal. It has been established that
one of the determining factors for the formation of pore nuclei near the Ni-Al interface is
the mutual orientation of the metals, their size and the direction of the passage of the
shock wave. In the propagation of a wave initiated on the Ni side along a close-packed
direction, apart from the formation of pores, it is possible to split a part of the atoms from
the Al surface and then form clusters from them. This is due to the fact that the front of
the shock wave undergoes minimal distortions during the passage of the metal interface,
and a significant part of the wave energy reaches the surface of the Al crystal. In the case
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of crystal orientation, when the wave does not propagate along the close-packed
direction, the bulk of the energy is scattered near the interface of the metals and leads to
the formation of pore nuclei. The formation of pores depends more on the particle size of
the bimetal. In the case of the initiation of a shock wave on the Al side, similar effects
were observed, however, the pores were formed on the Al side, as in the previous case.
This arrangement of pores is due to a lower binding energy between Al atoms than
between Ni-Ni and Ni-Al.

Conclusions

To date, the problem of designing radiation-resistant materials is becoming important in
connection with the widespread use of nuclear power sources and the rapid development
of the rocket and space industry. The irradiation to which the applied structural materials
are subjected inevitably leads to a modification of their structure, and as a result, a
change in the strength, electro-physical and other properties. The study of structural
transformations in metals and alloys, when irradiated with fluxes of charged particles
capable of initiating various processes of atomic tuning, is of great interest, since the
mechanism of energy transfer (elastic or inelastic interaction, ionization) can be
purposefully changed by choosing the type and energy of the irradiating particles, which
opens up wide prospects for using radiation exposure as a tool for technological
processing.

In the framework of the molecular dynamics study, the high-speed cooperative
displacements of groups of atoms in metals with an fcc lattice that arise upon the
radiation effect on the crystal structure and their influence on the structural
transformations of nanopores were considered. As one of the possible mechanisms for the
homogeneous nucleation of nanopores, the following mechanism is proposed. As a result
of radiation exposure, the shock waves are formed, which, propagating in the crystal, can
cause a drift of vacancies. Spontaneously formed vacancy clusters after the passage of the
shock wave are transformed into a complex that is one or more tetrahedra of packing
defects. The study showed that these data are the most stable, and subsequent waves do
not cause their transformation. Small vacancy clusters do not represent an insuperable
obstacle for such waves, therefore single vacancies can be attracted to such clusters as a
result of the passing of several shock waves, even at temperatures insufficient for the
onset of diffusion processes. Homogeneous formation of the pores is simplified due to the
tensile stresses arising in the crystal after the passage of the shock wave. In addition, the
study showed that shock waves affect structural changes in nanopores, and can cause
their displacement, as well as splitting or dissolution. In this case, dissolution can be
carried out even at temperatures insufficient to initiate the thermal activation of the
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diffusion dissolution mechanism. In addition, with a certain arrangement of the pores, the
shock waves can initiate their coarsening, even at relatively low temperatures of the
crystal, which are insufficient for the beginning of so-called heat-induced coalescence.
The processes of structural transformations are affected by the number of vacancies, as
well as the temperature at which these processes occur. A study of the effect of the
deformation of the computational cell showed that the role of the surface energy of the
pore increases with compression so that the waves activate processes that in some cases
can lead to the fusion of individual pores. The tension leads to the stabilization of the
pores.

The study shows that high-speed cooperative atomic displacements are a powerful tool
that allows the purposeful modification of defective structures of crystalline bodies. The
results obtained may possibly be used in radiation material science, nano-engineering, or
in the ultrasonic treatment of materials.
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